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"DLOPXMFEHNFOUT
i/ŃŉļĽłĻ Ńĺ ŁĹ Ľň ŃŇĽĻĽłĵŀ * BN UIF DPNCJOFE FĎPSU PG FWFSZPOF *WF FWFS LOPXOu
$IVDL 1BMBIOJVL *OWJTJCMF .POTUFST
"T UIF EBZT PG NZ 1I% BOE UIF .BSDVT -BC BU )BSWBSE ESBX UP B DMPTF UIFSF BSF NBOZ QFPQMF
* NVTU UIBOL GPS IFMQJOH NF BDIJFWF UIF SFTVMUT UIBU BSFT EFTDSJCFE JO UIJT UIFTJT
'JSTUMZ * IBWF UP UIBOL $IBSMJF GPS JOWJUJOH NF UP KPJO IJT SFTFBSDI HSPVQ BOE GPS NBOBHJOH TVDI
B XFMMPSHBOJ[FE FOWJSPONFOU XIFSF XF IBE FWFSZUIJOH XF OFFEFE UP HFU PVS XPSL EPOF * BN
QBSUJDVMBSMZ HSBUFGVM GPS IJN HJWJOH NF UIF JOUFMMFDUVBM GSFFEPNǮ UP QVTI UIFTF OFX JEFBT GPSXBSE
BOE GPS HJWJOH NF UIF DPOėEFODF UP USVTU NZ PXO JOTUJODUT JO B SFTFBSDI BSFB UIBU XBT OFX UP
CPUI PG VT *U XBT BO BEWFOUVSF UIBU TQBOOFE UXP DPBTUT BT XFMM BT B SBOHF PG ėFMET BDSPTT QIZTJDT
NBUFSJBMT TDJFODF BOE CJPNFEJDJOF UIBU TUSFUDIFE NF GVSUIFS UIBO * FWFS DPVME IBWF JNBHJOFE
.FOZPVOH -FF XBT BO BCTPMVUF EFMJHIU UP XPSL XJUI BOE UPHFUIFS XF GPSNFE B HSFBU UFBN EF
TQJUF 	PS QFSIBQT CFDBVTF PG
 IJN CFJOH BMNPTU PQQPTJUF UP NF JO FWFSZ XBZ JNBHJOBCMF
* MFBSOU B HSFBU EFBM XPSLJOH XJUI 4FLIBS 3BNBOBUIBO BOE%BWJE $PSZ BU.*5 BOE UIBOL UIFN
GPS TP HFOFSPVTMZ MFĨJOHNFXPSL PO FYQFSJNFOUT JO UIFJS MBC EVSJOH UIF ėSTU ZFBS PGNZ1I%XIJMF
XF XFSF BXBJUJOH EFMJWFSZ PG UIF DSZPTUBU UP )BSWBSE
ĉFSF XFSF TFWFSBM QFPQMF UIBU XFSF JOWPMWFE JO QSFMJNJOBSZ FYQFSJNFOUT GPS UIF QSPKFDU UIBU
HSFBUMZ JOĚVFODFE UIF EJSFDUJPOT UIBU NZ MBUFS XPSL UPPL ĉF FĎPSUT PG +BDPC "QUFLBS "MFY +PIO
TPO 3PC #BSUPO -JOI 1IBN .BĨ 3PTFO 3PTT .BJS "MJTPO )JMM .FMJT "OBIUBS :JO 3FO $ISJT
'BSSBS BOE HVJEBODF PG 3PO 8BMTXPSUI 4BOHFFUB #IBUJB BOE #SVDF 3PTFO XFSF DSVDJBM UP UIJT
QSPKFDU HFĨJOH PĎ UIF HSPVOE * BMTP UIBOL UIF NBOZ PUIFS VOEFSHSBEVBUFT BOE IJHI TDIPPM TUV
ǮBOE NPTU JNQPSUBOUMZ NPOFZ
YWJJ
EFOUT * IBE UIF QMFBTVSF PG XPSLJOHXJUI 8JOTUPO :BO "MFY0HJFS 4BN3PESJRVFT $BSNFO-BSB
%BO 3FFWFT +FĎ )VETPO BOE $IJOI 7P GPS UIFJS DPOUSJCVUJPOT UP UIF QSPKFDU
* BN QBSUJDVMBSMZ HSBUFGVM UP 4FLIBS 3BNBOBUIBO .BĨ 3PTFO 3PTT .BJS BOE8JOTUPO :BO GPS
UIFJS GSJFOETIJQ BOE DPOUJOVFE JOUFMMFDUVBM TVQQPSU PG UIF QSPKFDU PWFS MBTU GFX ZFBST
* UIBOL 5POZB "ULJOT BOE 4VTBO ,BV[MBSJDI GSPN 6$ %BWJT GPS UIFJS FĎPSUT TZOUIFTJ[JOH UIF
FYDFMMFOU TJMJDPO OBOPQBSUJDMFT TBNQMFT EFTDSJCFE JO $IBQUFS ǎ BT XFMM BT +PFM "HBS GSPN -#- GPS
QSPWJEJOH VT XJUI UIF TBNQMF PG JTPUPQJDBMMZ FOSJDIFE Ʀƭ4J XIJDI XBT VTFE GPS NFBTVSFNFOUT JO
$IBQUFST Ǐ BOE Ǒ
ĉF JOWJWP FYQFSJNFOUT EFTDSJCFE JO $IBQUFS ǐ XPVME OFWFS IBWF CFDPNF B SFBMJUZ XJUIPVU
UIF HFOFSPTJUZ PQUJNJTN BOE IBSE XPSL PG 1SBUJQ #IBĨBDIBSZB BU ).3* JO 1BTBEFOB ĉBOL ZPV
GPS QBUJFOUMZ UFBDIJOH NF TP NVDI BCPVU CJPMPHZ BOE CJPNFEJDJOF BOE GPS CFMJFWJOH NF XIFO *
DPOUJOVFE UP BTTVSF ZPV UIBU UIJOHTXPVME FWFOUVBMMZXPSL EFTQJUF UIJOHT UBLJOHNVDI MPOHFS UIBO
FYQFDUFEǯ ĉFTF FYQFSJNFOUT BMTP XPVME OPU IBWF CFFO QPTTJCMF XJUIPVU UIF ėOF TVSHFSZ TLJMMT
PG )FOSZ $IBO )PXFWFS JU XBT IJT DSFBUJWF UIJOLJOH BOE BMM BSPVOE HSFBU BĨJUVEF UIBU QSPQFMMFE
NF GPSXBSE BOE NBEF UIF MPOH EBZT BOE OJHIUT PG UIF JOWJWP FYQFSJNFOUT UPMFSBCMF ĉBOLT UP
#SBOEPO "SNTUSPOH -BSSZ 3PCFSUTPO /JLJ .JMMXBSE BOE 1PN 4BJMBTVUB GPS KPJOJOH NF PO UIF
SFMFOUMFTT CBĨMF BHBJOTU UIF TDBOOFS
%FTQJUF GPMMPXJOH B TMJHIUMZ EJĎFSFOU 	BOE CJDPBTUBM
 USBKFDUPSZ UIBO JUT PUIFS NFNCFST UIF
.BSDVT -BC IBT SFBMMZ GFMU MJLF IPNF GPS NF UIF QBTU GFX ZFBST ĉF DVMUVSF PG IVNPS IBSE XPSL
BOE QPTJUJWF BĨJUVEF XJUIJO UIF MBC BT XFMM BT UIF EFTJSF UP EP UIF SJHIU UIJOH JT USVMZ JOTQJSBUJPOBM
BOE JU XBT B QSJWJMFHF UP IBWF CFFO QBSU PG JU
*O NZ FBSMZ EBZT JO UIF MBC * XBT XFMDPNFE FBDINPSOJOH CZ MPWFMZ HFSNBO TJOHJOH GSPN$ISJT
UJBO #BSUIFMǰ BOE 'FSEJOBOE ,VFNNFUIǱ "TTJNJMBUJPO UBDUJDT BOE HPPE BEWJDF XBT BMXBZT SF
DFJWFE GSPN +JNNZ 8JMMJBNTǲ BOE %BWJE 3FJMMZ * IBWF FOKPZFE NBOZ TUJNVMBUJOH EJTDVTTJPOT BT
XFMM BT PVUEPPS BEWFOUVSFTǳ XJUI 1BUSJDL )FSSJOH XIP TFFNT UP LOPX NPTU UIJOHT BCPVU BMNPTU
FWFSZUIJOH ĉBOLT UP +JN .FEGPSE GPS NBJOUBJOJOH NZ NBHOFU TP SFMJBCMZ GPS UIF BMNPTU ZFBS *
XBT JO 1BTBEFOB BOE GPS CFJOH NZ TUBOEJO FYQFSJNFOUBM QBSUOFS BOZ UJNF BO FYQFSJNFOU UIFPSZ
PS DPEF OFFEFE TPNF TBOJUZ DIFDLJOHǴ
ĉBOLT UP UIF NBOZ PUIFS QPTUEPDT HSBEVBUF TUVEFOUT BOE VOEFSHSBEVBUFT XIP * PWFSMBQQFE
XJUI )VHI 1BUSJDL (BMMBHIFS +PIBOOFT 8JMMZ "OESFX "OHFMB %PVH 7MBE +BWBE 5FFTB 4BO
ǯBOE TPNFUJNFT FWJEFODF QPJOUJOH UP UIF DPOUSBSZ
ǰQPTTJCMZ UIF GVOOJFTU QFSTPO * IBWF FWFS NFU
ǱQPTTJCMZ UIF TNBSUFTU QFSTPO * IBWF FWFS NFU
ǲQBSUJDVMBSMZ PO DPOWFSUJOH "VTUSBMJBO FOHMJTI DPMMPRVJBMJTNT UP "NFSJDBO
ǳVTVBMMZ JOWPMWJOH CPUI SBQJE BTDFOUT BOE EFTDFOUT PG NPVOUBJOT
ǴBT XFMM BT GPS LFFQJOH NF VQ UP EBUF PO BMM QPQVMBS DVMUVSF * IBWF TPNFIPXNJTTFE PVU PO GPS NZ FOUJSF MJGF
YWJJJ
ESP .BY &EXBSE .FSSJĨ 3VCZ "OOB :JNJOH +FĎ *MTF %BWJE .BSDPT :POHKJF 4IV 4VTBO
.PSUFO (FOUP 7BMMB BOE NBOZ NPSF * QSPCBCMZ IBWF GPSHPĨFO * IBWF WFSZ NVDI FOKPZFE ZPVS
DPNQBOZ
* BN FYUSFNFMZ HSBUFGVM UP PVS MBC BENJOJTUSBUPST %BOJFMMF 3FVUFS +FTT .BSUJO BOE 3JUB 'JM
JQPXJU[ GPS LFFQJOH UIF MBC SVOOJOH TNPPUIMZ BOE TPNFIPX LFFQJOH UIF FYQFSJNFOU 	BOE NF

GVOEFE JO 1BTBEFOB GPS TP MPOH * BMTP UIBOL UIF BENJOJTUSBUPST JO UIF 4&"4 TDIPPM PđDF GPS IBO
EMJOH NZ BENJOJTUSBUJWF NBĨFST QSPGFTTJPOBMMZ BOE BMXBZT XJUI B GSJFOEMZ TNJMF
* CFOFėUFE HSFBUMZ GSPN UIF UFDIOJDBM FYQFSUJTF PG /JDL %FOU GSPN 0YGPSE *OTUSVNFOUT -FPO
,P[VM GSPN "FSPXBWF /BSFTI %FP GSPN 2VJOTUBS BT XFMM BT -PVJT %F 'FP BOE IJT UBMFOUFE TUBĎ
JO UIF 4&"4 NBDIJOF TIPQ * SFBMMZ BQQSFDJBUFE UIF TLJMM BOE EFEJDBUJPO PG UIF UFDIOJDBM TUBĎ PG
UIF $FOUFS GPS /BOPTDBMF 4ZTUFNT BU )BSWBSE JO QBSUJDVMBS UIJT UIFTJT CFOFėUFE GSPN UIF IFMQ PG
%BWJE#FMM%BWF-BOHF 'FĨBI,PTBS BOE +PIO5TBLJSHJT * BMTP UIBOL#JMM$PMMJOT BOE4IBX)XBOH
GSPN UIF DIFNJTUSZ EFQBSUNFOUT NBHOFUJD SFTPOBODF GBDJMJUZ GPS BTTJTUBODF XJUI MPX UFNQFSBUVSF
&43NFBTVSFNFOUT BOE #JMM $SPě GPS BTTJTUBODF XJUI 93%NFBTVSFNFOUT ĉBOLT UP #SJBO 3PTT
,FJLP ,BOBNPSJ ĉBP 5SBO $PMMFFO 0JOVNB 4IBXO 8BHOFS -BSSZ +POFT &EOB 4NJUI +BOFU
#BFS +P BOE 'SBO BU ).3* FTQFDJBMMZ GPS UIF FYDFMMFOU BOJNBM DBSF
* UIBOL UIF NFNCFST PG NZ RVBMT BOE EJTTFSUBUJPO DPNNJĨFF %POIFF )BN /BWJO ,IBOFKB
#PC (SJđO BOE #PC8FTUFSWFMU GPS UIFJS HVJEBODF BOE DBSFGVM SFBEJOH PG UIJT UIFTJT * BN HSBUFGVM
UP UIF/*) BOE UIF/4' BT XFMM BT UIF)BSWBSE/4&$ GPS UIF GVOEJOH UIBU LFQU UIFTF FYQFSJNFOUT
BĚPBU BOE UP UIF.FO[JFT 'PVOEBUJPO BOE UIF )BSWBSE $MVC PG "VTUSBMJB GPS LFFQJOH NF BĚPBU
0VUTJEF MBC * WFSZ NVDI FOKPZFE CFJOH B UFBDIJOH GFMMPX GPS )BSSZ -FXJT XIFSF * OPU POMZ
MFBSOU B HSFBU EFBM BCPVU EJHJUBM TFDVSJUZ BOE QSJWBDZ CVU BMTP BCPVU VOEFSHSBEVBUF FEVDBUJPO CPUI
BU )BSWBSE BOE UIF 64 BOE EFWFMPQFE BO BQQSFDJBUJPO GPS UIF JNQPSUBODF PG B CSPBE CBTFE FEV
DBUJPO GPS BMM TUVEFOUT
* XPVME MJLF UP FYQSFTT NZ TJODFSF UIBOLT UP UIF TUBĎ BU )6)4 GPS NBLJOH TVSF * SFDFJWFE FY
DFMMFOU DBSF XIJMF BU )BSWBSE BOE BMTP PO UIF XFTU DPBTU 'JOBMMZ * UIBOL NZ GBNJMZ BOE $ISJT GPS
UIFJS MPWF BOE TVQQPSU BOE GPS SFNJOEJOHNF UIBUNPTU UIJOHT DBO CF BDIJFWFE UISPVHI IBSE XPSL
BOE CZ SFNFNCFSJOH UP HFU VQ FBDI NPSOJOH
YJY
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*OUSPEVČJPO UP/BOPNFEJDJOF BOE.FEJDBM
*NBHJOH
5ļĹ ĵĶĽŀĽŉŏ ŉŃ ĸĽĵĻłŃňĹ ĵłĸ ŉŇĹĵŉ ĸĽňĹĵňĹ BU UIF DFMMVMBS MFWFM PĎFST B SFWPMVUJPOBSZ BQ
QSPBDI UP DMJOJDBM NFEJDJOF ĉJT SFWPMVUJPO JT OPU OFX IPXFWFS UIF JEFB PG iUIF NFDIBOJDBM TVS
HFPO JOTJEF UIF CMPPE WFTTFMu UP PCTFSWF SFQPSU BOE QFSGPSN TVSHFSZ XBT PSJHJOBMMZ QSPQPTFE JO
3JDIBSE 'FZONBOT GBNPVT ǉǑǍǑ MFDUVSF iĉFSFT QMFOUZ PG SPPN BU UIF CPĨPNu<ǉ> ĉF EFWFM
PQNFOUT JO OBOPUFDIOPMPHZ UIBU IBWF GPMMPXFE JO UIF TVCTFRVFOU IBMG DFOUVSZ IBWF BMMPXFE VT UP
ǉ
HSPXNBUFSJBMT TVDI BT QBSUJDMFT <Ǌmǎ> SPET <Ǐ> XJSFT <ǐ Ǒ> BOE UVCFT <ǉǈ ǉǉ> PO UIFNJDSP BOE
OBOPTDBMF XJUI UBJMPSFE NBUFSJBMT QSPQFSUJFT <ǉǊmǉǌ> ĉFTF NJDSP BOE OBOP WFDUPST BDU BT TDBG
GPMET GPS ESVHT BOE UBSHFUJOH DPNQPVOET XJUI UIF IPQF PG UBSHFUJOH TQFDJėD TJUFT PG EJTFBTF BOE
EFMJWFSJOH B QBZMPBE BU UIF DPSSFDU UJNF ĉF WFDUPST SBOHF JO TJ[F DPWFSJOH TFWFSBM PSEFST PG NBH
OJUVEF GSPN OBOPNFUFST VQ UP NBOZ NJDSPOT XIJDI DPWFS B XJEF SBOHF PG CJPMPHJDBM TJ[FT GSPN
QSPUFJOT UP WJSVTFT VQ UP UIF TDBMF PG JOEJWJEVBM DFMMT 	'JH ǉ

#FTJEFT UIF PCWJPVT CFOFėUT SFDFJWFE GSPN CFJOH B DPNQBSBCMF TJ[F UP CJPMPHJDBM FMFNFOUT UIF
OBOPNJDSP TJ[F TDBMF CSJOHT BCPVU UXP LFZ BEWBOUBHFT 'JSTUMZ UIF NBUFSJBMT IBWF BO FYUSFNFMZ
IJHI TVSGBDF UP WPMVNF SBUJP UIBU FOBCMFT B IJHI DPODFOUSBUJPO PG UBSHFUJOH DPNQPVOET UP CF BU
UBDIFE 4FDPOEMZ DPOėOFNFOU BU UIF OBOPTDBMF BMTP CSJOHT BCPVU VOJRVF QSPQFSUJFT UIBU EJĎFS UP
UIBU PG UIF CVML TVDI BT QIPUPMVNJOFTDFODF <Ǌ> PS 3BNBO BDUJWBUJPO <ǉǊ>
ĉF ėSTU BQQMJDBUJPOT PG OBOP NFEJDJOF VUJMJ[FE UIFTF IJHI TVSGBDF UP WPMVNF SBUJPT GPS DPO
USPMMFE SFMFBTF PG ESVHT BOE QPMZNFST JOWJWP <ǉǍmǉǏ> ĉF CSFBLEPXO SBUF PG B NBUFSJBM JOWJWP JT
TUSPOHMZ EFQFOEFOU PO UIF TVSGBDF DPBUJOH BOE TVSGBDF BSFB FYQPTFE UP UIF JOWJWP FOWJSPONFOU
OPU POMZ PO UIF VOEFSMZJOH NBUFSJBM BOE TP CZ UVOJOH UIF QBSUJDMF TJ[F BOE DPBUJOH UP B LOPXO
CSFBLEPXO SBUF ESVH EFMJWFSZ DBO CF PQUJNJ[FE GPS TQFDJėD BQQMJDBUJPOT -JQJECBTFE OBOPQBS
UJDMFT TVDI BT MJQPTPNFT PS NJDFMMFT BSF TJNQMF TFMGBTTFNCMFE TQIFSFT 	∼ ǋǈǉǈǈ ON JO TJ[F

NBEF VQ PG QIPTQIPMJQJE NPMFDVMFT UIF TBNF NBUFSJBMT BT DFMM NFNCSBOFT ĉF DPSFT PG UIFTF
QBSUJDMFT DBO CF MPBEFE XJUI B QBZMPBE PG ESVHT <ǉǏ> 3/" <ǉǐ> PS QFQUJEFT <ǉǑ> UIBU JT SFMFBTFE
TMPXMZ PWFS UJNF %VF UP UIFJS CJPDPNQBUJCJMJUZ UIFZ XFSF BNPOHTU UIF ėSTU OBOPNFEJDJOFT BQ
QSPWFE CZ UIF '%" GPS DMJOJDBM VTFǮ 8IFO BENJOJTUFSFE JOUSBWFOPVTMZ TNBMM DIFNJDBMT TVDI BT
ESVHT 3/" BOE QFQUJEFT 	 Ǎ ON JO TJ[F
 BSF RVJDLMZ DMFBSFE GSPN UIF CPEZ WJB SFOBM QBUIXBZT
XJUIJO UFOT PGNJOVUFT PěFOXJUIPVU DPNQMFUFMZ SFBDIJOH UIFJS JOUFOEFE UBSHFU 8IFO DPOUJOVFE
XJUIJO B MBSHFS NJDFMMF PS MJQPTPNF UIJT JNNFEJBUF DMFBSBODF JT QSFWFOUFE JNQSPWJOH DJSDVMBUJPO
UJNFT BOE VMUJNBUFMZ BMMPXJOH B MPXFS ESVH EPTF UP CF BENJOJTUFSFE UP BDIJFWF UIF TBNF DMJOJDBM
Ǯ0VU PG UIF DVSSFOU∼ ǉǊ OBOPNFEJDJOFT '%" BQQSPWFE ǉǈ BSF NJDFMMFT BOE MJQPTPNF CBTFE
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USFBUNFOU 'PS FYBNQMF UIF DPNNPOMZ VTFE DBODFS ESVH EPYPSVCJDJO 	%PY
 JT IZESPQIPCJD BOE
UIFSFGPSF IBT TIPSU DJSDVMBUJPO UJNFT *U IBT CFFO TIPXO UIBU MJQPTPNFT MPBEFE XJUI%PY BSFNPSF
FĎFDUJWF UIBO %PY BMPOF JO USFBUJOH B WBSJFUZ PG TPMJE UVNPST <ǊǈmǊǊ> BOE BSF OPX '%" BQQSPWFE
	%PYJM +PIOTPO BOE +PIOTPO
ǯ .BOZ PUIFS NJDSP BOE OBOP WFDUPST VOEFS EFWFMPQNFOU VUJMJ[F
TJNJMBS CSFBLEPXO UFDIOJRVFT XJUI UIF BJN PG JNQSPWJOH EFMJWFSZ PG QPPSMZ XBUFSTPMVCMF ESVHT
<Ǌǈ Ǌǋ> EFMJWFSJOH ESVHT BDSPTT QPPSMZ QFOFUSBCMF NFNCSBOFT TVDI BT UIF CMPPE CSBJO CBSSJFS
<Ǌǌ ǊǍ> PS EFMJWFS NVMUJQMF ESVHT TJNVMUBOFPVTMZ GPS DPNCJOBUJPO UIFSBQZ <Ǌǎ>
"T XFMM BT QBSUJDMF TJ[F UIF TIBQF TVSGBDF DIBSHF BOE TVSGBDF DIFNJTUSZ BSF BMM JNQPSUBOU GBDUPST
JO EFUFSNJOJOH IPX OBOP BOE NJDSP WFDUPST CFIBWF JOWJWP <ǊǏmǊǑ> 6OMFTT UIFTF DPOEJUJPOT BSF
PQUJNJ[FE DJSDVMBUJPO UJNFT BSF MJNJUFE BT OBOPNBUFSJBMT BSF RVJDLMZ DPOTVNFE CZ NBDSPQIBHFT
BOE BDDVNVMBUF JO UIF PSHBOT PG UIF NPOPOVDMFBS QIBHPDZUF TZTUFN 	.14
 TVDI BT UIF MJWFS BOE
TQMFFO .BOZ JOJUJBM EFNPOTUSBUJPOT PG UBSHFUJOH UPPL BEWBOUBHF PG UIJT FĎFDU BMMPXJOH JNQSPWFE
ESVH EFMJWFSZ UP UIF MJWFS BOE JNNVOF TZTUFN <ǋǈ> 4JNJMBSMZ EFNPOTUSBUJPOT PG JOWJWP UBSHFU
JOH PG OBOPNBUFSJBMT UP UVNPST IBT CFFO MBSHFMZ EVF UP QBTTJWF BDDVNVMBUJPO SFTVMUJOH GSPN UIF
FOIBODFE QFSNFBCJMJUZ BOE SFUFOUJPO 	&13
 FĎFDU XIJDI PDDVST TJNQMZ EVF UP B IJHIFS DPODFO
USBUJPO PG CMPPE WFTTFMT JO UIF UVNPST <ǋǉ ǋǊ>
"MUIPVHI WFSZ CJPDPNQBUJCMF UIF TJNQMF QIPTQIPMJQJE DIFNJTUSZ PG NJDFMMFT BOE MJQPTPNFT
MJNJUT CPUI UIFJS TJ[F BOE CSFBLEPXO SBUF BOE EPFT OPU QSPWJEF B TUSVDUVSBMNFDIBOJTN GPS BĨBDI
JOH UBSHFUJOH DPNQPVOET ĉFEFTJSF GPS BDUJWF UBSHFUJOH BOECFĨFS DPOUSPM PG TJ[FT BOECSFBLEPXO
QSPQFSUJFT IBT SFTVMUFE JO B TJHOJėDBOU BNPVOU PG SFTFBSDI JOUP ėOEJOH OFX CJPDPNQBUJCMF WFDUPST
UIBU DBO UBLF UIF SPMF PGNVMUJGVODUJPOBM BHFOUT UIBU DPNCJOF UBSHFUJOH ESVH EFMJWFSZ BOE JNBHJOH
&YBNQMFT PG UIFTF OFXNBUFSJBMT JODMVEF QPMZNFS OBOPQBSUJDMFT <ǋǋ ǋǌ> DBSCPO CBTFE TUSVDUVSFT
TVDI BT OBOPUVCFT <ǋǍ ǋǎ> BOE TPMJE TUSVDUVSFT TVDI BT TJMJDB <ǋǏ> BOE QPSPVT TJMJDPO <ǋǐ ǋǑ>
"T UIF EFTJHO PG UIFTF OFX OBOPNBUFSJBMT IBT CFDPNF NPSF DPNQMFY UFTUJOH UIF FĎFDUT PG TNBMM
DIBOHFT JO UIFTF QBSBNFUFST PO UBSHFUJOH DJSDVMBUJPO UJNF BOE CJPDPNQBUJCJMJUZ IBT CFDPNF FY
ǯ*U TIPVME CF OPUFE UIBU %PYJM BOENBOZ PUIFS MJQPTPNFT GPS DIFNPUIFSBQZ IBWF TVĎFSFE GSPN FYUSFNF TVQQMZ
JTTVFT MFBEJOH UP UIFJS SBUJPOJOH
ǌ
USFNFMZ OFDFTTBSZ /POJOWBTJWF JNBHJOH JT LFZ JO QSPWJEJOH UIJT JOGPSNBUJPO JO B GBTU BOE DPTU
FĎFDUJWF NBOOFS "EEJUJPOBMMZ SFDFOU XPSLT IBWF JOWFTUJHBUFE UIF DPODFQU PG JODPSQPSBUJOH EJBH
OPTUJDT BT XFMM BT UIFSBQZ JOUP UIF OBOPNFEJDJOF <ǌǈ> 4VDDFTTGVM EJBHOPTUJDT SFRVJSFT USBOTGFS PG
JOGPSNBUJPO PG UIF JOWJWP FOWJSPONFOU OPU POMZ UIF WFDUPST MPDBUJPO CVU BMTP JUT DPODFOUSBUJPO
MPDBM DIFNJDBM FOWJSPONFOU PS CJOEJOH TVDDFTT UP UIF USFBUJOH QIZTJDJBO /PO JOWBTJWF JNBHJOH JT
UIFSFGPSF B LFZ SFRVJSFNFOU GPS UIFTF OFX UZQFT EJBHOPTUJD OBOPNBUFSJBMT JO B DMJOJDBM TFĨJOH
ǉǉ .ĹĸĽķĵŀ ĽŁĵĻĽłĻ ŁŃĸĵŀĽŉĽĹň
3FDFOU ZFBST IBT TFFO B HSPXUI JO UIF VTF PG OPOJOWBTJWF JNBHJOH UFDIOPMPHJFT JO UIF DMJOJDBM TFU
UJOH FJUIFS QSPWJEJOH TUSVDUVSBM PS CJPDIFNJDBM JOGPSNBUJPO GPS EJBHOPTJT (FOFSBMMZ UIFZ DBO
CF DMBTTJėFE JOUP UIPTF VUJMJ[JOH JPOJ[JOH SBEJBUJPO TVDI BT 9SBZ BOE DPNQVUFSJ[FE UPNPHSBQIZ
	$5
 BOE QPTJUSPO FNJTTJPO UFDIOPMPHZ 	1&5
TJOHMF QIPUPO FNJTTJPO DPNQVUFSJ[FE UFDIOPM
PHZ 	41&$5
 BOE UIPTF VTJOH OPOJPOJ[JOH SBEJBUJPO TVDI BT PQUJDBM JNBHJOH 	0*
 NBHOFUJD SFT
POBODF JNBHJOH 	.3*
 PS VMUSBTPVOE 	64
 &BDI UFDIOJRVF IBT TQFDJėD BEWBOUBHFT BOE EJTBE
WBOUBHFT JO UFSNT PG SFTPMVUJPO TFOTJUJWJUZ BOE DPTU 	'JH ǉǉǊ
 /FX UFDIOJRVFT DPNCJOF UIFTF
NPEBMJUJFT UP QSPEVDF EFUBJMFE DPSFHJTUFSFE JNBHFT UIBU QSPWJEF WJTVBMJ[BUJPO PG NPMFDVMBS JOGPS
NBUJPO XJUIJO BO BOBUPNJD GSBNFXPSL 8F XJMM CSJFĚZ SFWJFX UIFTF UFDIOJRVFT BOE UIFO EJTDVTT
UIFJS VTF JO JNBHJOH PG OBOP NBUFSJBMT
ǉǉǉ 9Ňĵŏ ĽŁĵĻĽłĻ ĵłĸ $5
ĉF ėSTU OPOJOWBTJWF NFEJDBM JNBHJOH XBT QFSGPSNFE JO ǉǐǑǍ XIFO 8JMIFMN 3POUHFO VTFE 9
SBZT HFOFSBUFE GSPN B DBUIPEF SBZ UVCF UP JNBHF UIF CPOF TUSVDUVSF PG IJT XJGFT IBOE 9SBZ JNBH
JOH PQFSBUFT PO UIF TJNQMF QSJODJQMF UIBU TPě UJTTVF JT NPSF USBOTQBSFOU UIBO IBSE UJTTVF TVDI BT
CPOF 4JODF UIFO UIF UFDIOJRVF IBT TFFO SFNBSLBCMF JNQSPWFNFOU XJUI UIF EFWFMPQNFOU PG GP
DVTTFE YSBZ TPVSDFT BOE TPMJE TUBUF EFUFDUPST BMMPXJOH SFTPMVUJPO EPXO UP ǉNN ĉF MPX DPTU BOE
Ǎ
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ǎ
GBTU JNBHF BDRVJTJUJPO SBUF DPNCJOFEXJUI UIF FYDFMMFOU TUSVDUVSBM SFTPMVUJPOIBT MFE UP UIF UFDIOPM
PHZ CFDPNJOH BO FTTFOUJBM UPPM JO DMJOJDBM NFEJDJOF ĉF EFWFMPQNFOU PG DPNQVUFS UPNPHSBQIZ
	$5
9SBZ JO UIF ǉǑǏǈT XIFSF UIF 9SBZ TPVSDF BOE EFUFDUPS BSF RVJDLMZ SPUBUFE BSPVOE UIF BSFB
IBT BMMPXFE GPS UIF DSFBUJPO PG EFUBJMFE ǋ% TUSVDUVSBM JNBHFT XJUI JTPUSPQJD SFTPMVUJPO JO UIF TVC
NN SFHJNF "EEJUJPOBM DPOUSBTU JO YSBZ BOE $5 JNBHFT 	GPS FYBNQMF BOHJPHSBQIZ XIFSF B QJD
UVSF PG UIF CMPPE WFTTFMT JT HFOFSBUFE
 DBO CF BDIJFWFE CZ JOKFDUJPO PG B AIFBWZ FMFNFOU 	CSPNJOF
JPEJOF HPME FUD
 UIBU TUSPOHMZ BCTPSC YSBZT $PNQBSJTPO PG JNBHFT XJUI BOE XJUIPVU DPOUSBTU
SFTVMUT JO B QJDUVSF PG UIF XIFSF UIF DPOUSBTU BHFOU XBT MPDBUFE ĉF TUSPOH BCTPSQUJPO PG 9SBZT CZ
UJTTVF MFBET UP TBGFUZ DPODFSOT IPXFWFS BOE DMJOJDBM TUVEJFT IBWF TIPXO UIBU UIFSF JT T TUBUJTUJDBMMZ
TJHOJėDBOU JODSFBTF JO DBODFS SJTL GPS QFPQMF FYQPTFE UP NVMUJQMF $5 TDBOT <ǌǋ>
ǉǉǊ 1&5 ĵłĸ 41&$5
*OTUFBE PG BO FYUFSOBM SBEJBUJPO TPVSDF MJLF JO YSBZ BOE$5 QPTJUSPO FNJTTJPO UPNPHSBQIZ 	1&5

BOE TJOHMFQIPUPO FNJTTJPO DPNQVUFSJ[FE UPNPHSBQIZ 	41&$5
 VTF BO JOKFDUBCMF DPOUSBTU BHFOU
BT UIF TPVSDF PG SBEJBUJPO GPS JNBHJOH ĉFTF UFDIOJRVFT BSF LOPX DPMMFDUJWFMZ BT OVDMFBSNFEJDJOF
BT UIFZ NPOJUPS UIF EFDBZ PG B SBEJPOVDMJEF UISPVHI UIF DPMMFDUJPO PG HBNNB SBZT *O 1&5 B SB
EJPOVDMJEF VOEFSHPFT Ҽ+ EFDBZ FNJĨJOH B QPTJUSPO ĉF QPTJUSPO USBWFMT B TNBMM EJTUBODF 	PG
PSEFS ǉNN
 CFGPSF JOUFSBDUJOH XJUI BO FMFDUSPO ĉF QBSUJDMFT BOOJIJMBUF FBDI PUIFS BOE B HBNNB
SBZ QBJS JT FNJĨFE ĉFTF QIPUPOT BSF EFUFDUFE BT UFNQPSBMMZ SFTPMWFE QBJST ǉǐǈEFHSFFT BQBSU GSPN
FBDI PUIFS PO B FYUFSOBM EFUFDUPS 4UBUJTUJDBM BOBMZTJT PG NBOZ UIPVTBOET PG FWFOUT BMMPXT B QJDUVSF
UP CF CVJMU VQ PG UIF MPDBUJPO PG UIF EFDBZJOH OVDMFJ 41&$5 PQFSBUFT PO B TJNJMBS QSJODJQMF IPX
FWFS JOTUFBE UIF OVDMFVT FNJĨJOH B QPTJUSPO JU EJSFDUMZ FNJUT B HBNNB SBZ XIJDI JT DPMMFDUFE PO
BO FYUFSOBM EFUFDUPS 'PS ǋ% 41&$5 JNBHFT UIF EFUFDUPS JT SPUBUFE BSPVOE UIF CPEZ TJNJMBS UP
ǋ% $5 XIJMF GPS 1&5 B TFSJFT PG DZMJOESJDBM EFUFDUPST JT PěFO VTFE .VDI IJHIFS SFTPMVUJPO JT
BDIJFWBCMF XJUI 1&5 UIBO 41&$5 BT UIF UJNF EJĎFSFODF CFUXFFO BSSJWBMT PG QIPUPO QBJS QSPWJEFT
NPSF SBEJBUJPO FWFOU MPDBMJ[BUJPO JOGPSNBUJPO 5PHFUIFS UIFTF UFDIOJRVFT PĎFS OVNFSPVT BQQMJ
Ǐ
*TPUPQF )BMG MJGF $PNQPVOE $MJOJDBM "QQMJDBUJPO
1&5 ƥƥ$ ǊǈNJO ƥƥ$NFUIJPOJOF
ƥƥ$UIZNJEJOF
$BODFS
Ǌǈ NJO ƥƥ$QBMNJUJD BDJE .ZPDBSEJBM EJTFBTF
Ǌǈ NJO ƥƥ$BMUSPQBOF ƥƥ$
$'5
%PQBNJOF SFDFQUPST
1BSLJOTPOT EJTFBTF
TDIJ[PQISFOJB ESVH
BEEJDUJPO
ƥƧ/ ǉǈNJO ƥƧ/"NNPOJB .ZPDBSEJBM EJTFBTF
ƥƩ0 ǊNJO ƥƩ0Ǌ .FUBCPMJTN $BODFS
4USPLF "MU[FJNFST
ƥƬ' ǉǉǈ NJO ƥƬ' 'MVP
SPEFPYZHMVDPTF
(MVDPTF NFUBCPMJTN
DBODFS TUSPLF BMU[FJNFST
ƥƬ'ǍĚVPSPVSBDJM $BODFS
ƬƦ3C ǊNJO 3VCJEJVN DIMPSJEF .ZPDBSEJBM QFSGVTJPO
JNBHJOH
41&$5 ƭƭ5D ǎ IS ƭƭ5DUFUSPGPTNJO .ZPDBSEJBM EJTFBTF
ƭƭ5D).1"0 (MVDPTF NFUBCPMJTN
ƥƦƧ* ǉǋ IS *PCFOHVBOF /FVSPFOEPDSJOF PS OFV
SPMPHJDBM UVNPS
ƥƥƥ*O ǋ EBZT *OWJUSP MBCFMMFE
MFVLPDZUFT
*NNVOF TZTUFN
h#H2 RXRXR, _/BQMm+HB/2b mb2/ BM +HBMB+H K2/B+BM2 M/ i?2B` ?H7@HBp2bX
DBUJPOT GPS CPUI TUSVDUVSBM BOE GVODUJPOBM JNBHJOH PWFS B SBOHF PG UJNFTDBMFT " MJTU PG DMJOJDBMMZ
BQQSPWFE1&5 BOE 41&$5 JTPUPQFT UPHFUIFSXJUI UIFJS IBMGMJWFT BOE BQQMJDBUJPOT JT TIPXO JO5B
CMF ǉǉǉ ĉF SBEJPJTPUPQF DBO CF B TJNQMF TPMVCMF EJTTPMWFE JPO UIBU IBT DIFNJDBM QSPQFSUJFT UIBU
BMMPX JU UP CF DPODFOUSBUFE JO XBZT PGNFEJDBM JOUFSFTU GPS EJTFBTF EFUFDUJPO TVDI BT B SBEJPJTPUPQF
PG ƬƦ3C 	1&5
 PS ƭƭ5D 	41&$5
 PS JU DBO CF GVODUJPOBMJ[FE BT QBSU PG B NFUBCPMJD BHFOU UIFNPTU
DPNNPO PG XIJDI JT ƥƬ''MVPSPEFPYZHMVDPTF
%VF UP UIF SFMBUJWF TIPSU IBMGMJWFT PG 1&5 OVDMJEFT UIF DZDMPUSPO VTFE UP QSPEVDF UIF SBEJPBD
UJWF DPNQPVOENVTU CF MPDBUFE DMPTF UP UIF JNBHJOH GBDJMJUZ " DZDMPUSPO UIBU DBO QSPEVDF B SBOHF
PG SBEJPJTPUPQFT JT FYUSFNFMZ FYQFOTJWF UP CVZ BOE PQFSBUF BOE TP VTF JT OPU XJEFTQSFBE "EEJ
UJPOBMMZ PSHBOJD SBEJPUSBDFS NPMFDVMFT UIBU XJMM DPOUBJO B QPTJUSPOFNJĨJOH SBEJPJTPUPQF DBOOPU
ǐ
CF TZOUIFTJ[FE ėSTU BOE UIFO UIF SBEJPJTPUPQF QSFQBSFE XJUIJO UIFN CFDBVTF CPNCBSENFOU XJUI
B DZDMPUSPO UP QSFQBSF UIF SBEJPJTPUPQF EFTUSPZT UIF PSHBOJD DBSSJFS *OTUFBE UIF JTPUPQF NVTU
CF QSFQBSFE ėSTU UIFO BěFSXBSE UIF DIFNJTUSZ UP QSFQBSF UIF PSHBOJD SBEJPUSBDFS BDDPNQMJTIFE
WFSZ RVJDLMZ 41&$5 OVDMFJ IBWF NVDI MPOHFS IBMG MJWFT BOE TP DBO CF TIJQQFE GSPN B DFOUSBM
QSPEVDUJPO GBDJMJUZ UP UIF MPDBUJPO PG EFMJWFSZ
ĉF FOFSHZ PG UIF FNJĨFE HBNNB SBZT IBT B TJHOJėDBOU JOUFSBDUJPO XJUI BMM BTQFDUT PG UIF CPEZ
DBVTJOH %/" SFQMJDBUJPO FSSPST DISPNPTPNBM BCOPSNBMJUJFT BOE DFMM EFBUI <ǌǎ> (JWFO JO IJHI
FOPVHI EPTFT UIJT FOFSHZ JT TVđDJFOU UP LJMM DFMMT BOE TP TPNF MPOH MJWFE SBEJPOVDMJEFT BSF VTFE JO
UBSHFUFE DIFNPUIFSBQZ <ǌǏ> 4IPSUMJWFE SBEJPOVDMJEFT NJOJNJ[F UIF SBEJBUJPO EPTF UP UIF TVC
KFDU IPXFWFS SFQFBUFE FYQPTVSFT UP UIFTF JNBHJOH QSPDFEVSFT TIPX BO JODSFBTFE SBUF PG DBODFS
TJNJMBS UP 9SBZ$5 <ǌǐ>
ǉǉǋ .3*
.BHOFUJD SFTPOBODF JNBHJOH 	.3*
 BOE JUT VOEFSMZJOH QIFOPNFOPO OVDMFBS NBHOFUJD SFTP
OBODF 	/.3
 BSF CBTFE PO UIF JOUFSBDUJPO PG UIF NBHOFUJD NPNFOU PG BUPNJD OVDMFJ XJUI BO
FYUFSOBM NBHOFUJD ėFME /.3 XBT ėSTU EFNPOTUSBUFE JOEFQFOEFOUMZ CZ #MPDI <ǌǌ> BOE #MPFN
CFSHFO 1PVOE BOE 1VSDFMM <ǌǍ> BOE SBQJEMZ FWPMWFE JOUP BO JNQPSUBOU UPPM GPS DIFNJTUSZ CJP
DIFNJTUSZ BOE QIZTJDT JO TVCTFRVFOU EFDBEFT .3* JNBHJOH XBT ėSTU EFNPOTUSBUFE CZ -BVUFSCVS
JO ǉǑǏǋ <ǌǑ> BOE IBT FWPMWFE JOUP BO FTTFOUJBM UPPM JO EJBHOPTUJD NFEJDJOF .BOZ BUPNJD OVDMFJ
QPTTFTT B NBHOFUJD NPNFOU BOE DBO IFODF CF JOWFTUJHBUFE CZ /.3 CVU UIF DMJOJDBM VTF PG .3*
IBT UP EBUF MBSHFMZ CFFO SFTUSJDUFE UP ƥ) BT JU JT GPVOE BU WFSZ IJHI DPODFOUSBUJPO 	BCPVU ǐǈ .
 JO
CJPMPHJDBM UJTTVFT ĉF TUSFOHUI PG UIF TJHOBM GPS JNBHJOH JT QSPQPSUJPOBM UP UIF OVNCFS PG TQJOT UIF
QPMBSJ[BUJPO BOE UIF OVNCFS PG TJHOBM BWFSBHFT BDRVJSFE BOE TP B MBSHF OVNCFS PG TQJOT 	∼ ƥƤƭ

BSF SFRVJSFE GPS JNBHJOH ĉF ƥ)OVDMFVT JT NPSF TUSPOHMZ DPVQMFE UP UIF FYUFSOBM ėFME UIBO PUIFS
OVDMFJ 	BT EFTDSJCFE CZ JUT HZSPNBHOFUJD SBUJP ҽ
 BOE TP IBT B IJHIFS UIFSNBM QPMBSJ[BUJPO BU B
HJWFO NBHOFUJD ėFME BOE UFNQFSBUVSF ĉF SFTPOBOU GSFRVFODZ PS -BSNPS GSFRVFODZ PG FBDI OV
Ǒ
DMFVT JO B NBHOFUJD ėFME JT EFUFSNJOFE CZ UIJT DPVQMJOH ӗO = ҽ#Ƥ HJWJOH FBDI OVDMFBS TQFDJFT B
TQFDUSPTDPQJD ėOHFSQSJOU "EEJUJPOBMMZ TNBMM DIBOHFT JO UIF MPDBM NBHOFUJD FOWJSPONFOU PG FBDI
OVDMFVT TVDI BT UIF QSFTFODF PG PUIFS TQJOT DBO DBVTF TNBMM TIJě JO UIJT SFTPOBOU GSFRVFODZ BMMPX
JOH JOEJWJEVBM DIFNJDBMT UP CF EFUFSNJOFE
ĉSFF EJNFOTJPOBM JNBHFT BSF HFOFSBUFE CZ BQQMZJOH TNBMM QFSUVSCJOH NBHOFUJD ėFMET Ҿ#[EY 
Ҿ#[
EZ
BOE Ҿ#[E[ JO UIF EJSFDUJPO PG UIFNBJONBHOFUJD ėFMEXJUI SFTQFDU UP UIF UISFF TQBUJBM EJNFOTJPOT Y Z
BOE [ ĉJT DBVTFT UIF -BSNPS GSFRVFODZ UP CF TIJěFE GPS TQBUJBMMZ TFQBSBUFE OVDMFJ CZ Ҿӗ = ҽҾ#,
BOE B UXP EJNFOTJPOBM 'PVSJFS USBOTGPSN PG UIF SFDFJWFE EBUB HFOFSBUFT B NBQ PG TJHOBM JOUFOTJUZ
WFSTVT QPTJUJPO
.3* JTNPTU GSFRVFOUMZ VTFE GPS PCUBJOJOH TUSVDUVSBM JOGPSNBUJPO BCPVU PQBRVFPCKFDUT CZ DPN
QBSJOH BSFBT PG EJĎFSJOH ƥ) DPODFOUSBUJPOT XJUIJO UIF CPEZ )PXFWFS TQFDUSPTDPQJD JEFOUJėDB
UJPO BMMPXT UIF MPDBUJPO BOE DPODFOUSBUJPOT PG JOEJWJEVBM DIFNJDBMT UP CF EFUFSNJOFE XJUI B UFDI
OJRVF DBMMFE DIFNJDBM TIJě JNBHJOH 	$4*
 <Ǎǈ>
$POUSBTU JO ƥ) .3* JT NPTU DPNNPOMZ HFOFSBUFE CZ NBOJQVMBUJPO PG UIF QBSBNFUFST JO UIF
JNBHJOH TFRVFODF BT EJĎFSFOU UJTTVFT 	CPOF TPě UJTTVF
 IBWF EJĎFSFOU TQJO SFMBYBUJPO 	5ƥ
 BOE
TQJO DPIFSFODF 	5Ʀ
 UJNFT ĉJT DPOUSBTU DBO CF BSUJėDJBMMZ FOIBODFE CZ JOUSPEVDJOH B QBSBNBH
OFUJD NBUFSJBM UIF NPTU DPNNPO PG XIJDI BSF HBEPMJOJVN DIFMBUFT ĉFTF DIFMBUFT IBWF TFWFO
VOQBJSFE FMFDUSPOT UIBU QSPEVDF B TJHOJėDBOUNBHOFUJDNPNFOU XIJDI TIPSUFOT UIF5ƥ PG UIF MPDBM
ƥ) OVDMFJ BOE UIVT BMUFST TJHOBM JOUFOTJUZ JO UIF SFHJPO OFBS UIF DPOUSBTU NBUFSJBM ǰ
*O DPNQBSJTPO UP $5 1&5 BOE 41&$5 JPOJ[BUJPO FĎFDUT GSPN .3* TUVEJFT BSF OFHMJHJCMF BT
UIF FMFDUSPNBHOFUJD FOFSHZ JOWPMWFE JO UIF JNBHJOH QSPDFTT JTNVDI MPXFS SFTVMUJOH JO GSFRVFODJFT
JO UIF.)[ 	ƥƤƪ )[
 SBOHF SBUIFS UIBO ƥƤƥƩ − ƥƤƥƬ )[
ǰ3FDFOUMZ UIF 64 '%" IBT JTTVFE B XBSOJOH PG JODSFBTFE SJTL PG LJEOFZ GBJMVSF GPS QBUJFOUT XJUI LJEOFZ EJTFBTF
XIP BSF TVCKFDUFE UP DPOUSBTU FOIBODFE.3* FYBNT <Ǎǉ> ĉJT IBT QSPNQUFE UIF TFBSDI GPS BMUFSOBUJWFT UP (E
ǉǈ
ǉǉǋǉ )ŏńĹŇńŃŀĵŇĽŐĹĸ.3*
" DPOTFRVFODF PG UIF TNBMM FOFSHZ 	& = !ӗO
 PG UIF OVDMFBSNBHOFUJDNPNFOU JT UIBU BU TUBOEBSE
DMJOJDBMNBHOFUJD ėFMET BOE UFNQFSBUVSFT UIF OVDMFBS QPMBSJ[BUJPO JT MPX 	∼ ǉ QBSU JO ƥƤ−Ʃ− ƥƤ−ƫ

0OF XBZ PG JODSFBTJOH UIF TJHOBM PG B OVDMFBS TQFDJFT JT UP JODSFBTF JUT OVDMFBS QPMBSJ[BUJPO VTJOH B
QSPDFTT LOPXO BT IZQFSQPMBSJ[BUJPO )ZQFSQPMBSJ[BUJPO XBT JOJUJBMMZ EFWFMPQFE GPS NBLJOH TQJO
QPMBSJ[FE UBSHFUT GPS OFVUSPO TDBĨFSJOH FYQFSJNFOUT JO UIF ǉǑǎǈT IPXFWFS JT OPX VTFE BDSPTT B
OVNCFS PG ėFMET JODMVEJOH QIZTJDT NBUFSJBMT TDJFODF CJPMPHZ BOE NFEJDJOF " WBSJFUZ PG UFDI
OJRVFT DBO CF VTFE GPS IZQFSQPMBSJ[BUJPO JODMVEJOH PQUJDBMMZ QVNQJOH MPX UFNQFSBUVSF EZOBNJD
OVDMFBS QPMBSJ[BUJPO 0WFSIBVTFS EZOBNJD OVDMFBS QPMBSJ[BUJPO BOE QBSBIZESPHFO JOEVDFE IZQFS
QPMBSJ[BUJPO .BOZ OVDMFJ DBO CF IZQFSQPMBSJ[FE VTJOH UIFTF UFDIOJRVFT IPXFWFS VTVBMMZ GPS DMJO
JDBM BQQMJDBUJPOT IZQFSQPMBSJ[BUJPO JT QFSGPSNFE PO TQJOǉǊ OVDMFJ BT UIFJS MBDL PG RVBESVQP
MBS NPNFOU NFBOT UIBU UIFJS SFMBYBUJPO JT JOTFOTJUJWF UP FMFDUSJD ėFMET " TDIFNBUJD PG UIF QFSJ
PEJD UBCMF TIPXJOH DPNNPOMZ IZQFSQPMBSJ[FE OVDMFJ BOE UIFJS BTTPDJBUFE UFDIOJRVFT JT TIPXO JO
'JH ǉǉǋ
" OVNCFS PG DMJOJDBM BQQMJDBUJPOT PG IZQFSQPMBSJ[BUJPO IBWF CFFO EFWFMPQFE JO UIF QBTU UXP
EFDBEFT )ZQFSQPMBSJ[FE OPCMF HBTFT IBWF TIPXO HSFBU QSPNJTF JO TUSVDUVSBM JNBHJOH PG UIF MVOHT
<ǍǊ Ǎǋ> XIJMTU IZQFSQPMBSJ[FE ƥƧ$ BOE ƥƩ/NFUBCPMJUFT IBWF CFFO VTFE GPS TUVEJFT PG NFUBCPMJTN
BOE Q) JO PODPMPHZ <ǍǌmǍǏ>
ĉF LFZ SFRVJSFNFOU GPS IZQFSQPMBSJ[BUJPO JT UIF USBOTGFS PG TQJO BOHVMBS NPNFOUVN GSPN B
IJHIMZ TQJO QPMBSJ[FE TPVSDF UP UIF UBSHFU OVDMFBS TQJOT BMMPXJOH UIF OVDMFBS QPMBSJ[BUJPO UP CF JO
DSFBTFE CZ UISFF UP TJY PSEFST PG NBHOJUVEF ĉJT QPMBSJ[FE TQJO CBUI UBLFT UIF GPSN PG BO PQUJDBMMZ
QVNQFE 3C WBQPS GPS OPCMF HBT FYQFSJNFOUT <Ǎǐ> PS GPS MJRVJE TUBUF NFUBCPMJUFT B GSFF SBEJDBM
UIBU JT NJYFE JO XJUI UIF TVCTUSBUF PG JOUFSFTU <ǍǑmǎǉ> PS QBSBIZESPHFO JO DPNCJOBUJPO XJUI BO
PSHBOPNFUBMMJD DBUBMZTU <ǍǏ ǎǉ>
" LFZ NFUSJD GPS B IZQFSQPMBSJ[FE NBUFSJBM UP CF VTFE JOWJWP JT UIF MFOHUI PG UJNF JU SFNBJOT
ǉǉ
Overhauser DNP Dissolution DNP, PHIP Optical Pumped Gas Solid State DNP
6B;m`2 RXRXj, S2`BQ/ i#H2 Q7 Mm+H2B bmBi#H2 7Q` BM@pBpQ ?vT2`TQH`BxiBQMX aTBM Rfk Mm+H2B
`2 /2TB+i2/ b +QHmKMb Qmi Q7 i?2 T;2X h?2 ?2B;?i Q7 i?2 +QHmKM Bb T`QTQ`iBQMH iQ i?2
bi`2M;i? Q7 i?2 ;v`QK;M2iB+ `iBQX h?Bb BK;2 Bb  KQ/B}2/ p2`bBQM Q7 M BK;2 T`QpB/2/ iQ
i?2 mi?Q` #v S`Q7X CM >2M`BF `/2MFD2`@G`b2MX
IZQFSQPMBSJ[FE BěFS UIJT TQJO USBOTGFS IBT UBLFO QMBDF 	5ƥ
 6OMJLF NBUFSJBMT UIBU QPMBSJ[F UP UIFS
NBM FRVJMJCSJVN PODF UIF QPMBSJ[BUJPO IBT CFFO DPOTVNFE PS 5ƥ SFMBYBUJPO IBT UBLFO QMBDF UIF
NBUFSJBM NVTU VOEFSHP IZQFSQPMBSJ[BUJPO BHBJO UP SFTUPSF UIF TJHOBM " MJTU PG DMJOJDBMMZ SFMFWBOU
IZQFSQPMBSJ[FENBUFSJBMT UIFJS JOWJWP5ƥ UJNFT BOE DMJOJDBM BQQMJDBUJPOT BSF TIPXO JO 5BCMF ǉǉǊ
ǉǊ *łŋĽŋŃ ĽŁĵĻĽłĻ Ńĺ łĵłŃŁĵŉĹŇĽĵŀň
*OWJWP JNBHJOH PG OBOPNBUFSJBMT BMMPXT VOEFSTUBOEJOH BOE DIBSBDUFSJ[BUJPO PG UIF JOWJWP LJOFU
JDT PG UIF OBOPNBUFSJBM DBO QSPWJEF EJBHOPTUJD JOGPSNBUJPO BOE BMTP QSPWJEF B NFBOT UP QSFEJDU
ǉǊ
/VDMFVT $PNQPVOE )ZQFSQPMBSJ[BUJPO
.FUIPE
*OWJWP 5ƥ	T
 $MJOJDBM "QQMJDB
UJPO
ƥ) 8BUFS 0WFSIBVTFS  ǉ <ǎǊ> 1FSGVTJPO JNBHJOH
ƥƧ$ 1ZSVWBUF %/1 ǌǐ <ǎǋ> .FUBCPMJD JNBHJOH
 5$" DZDMF
ƥƧ$ "DFUBUF %/1  Ǎ <ǎǌ> .FUBCPMJD JNBHJOH
 QFQUJEFT
ƥƧ$ 'VNBSBUF %/1 ǊǑ <ǎǋ> .FUBCPMJD JNBHJOH
 5$" DZDMF
ƥƧ$ #JDBSCPOBUF %/1 ǌǋ <ǎǋ> .FUBCPMJD JNBHJOH
 5$" DZDMF
ƥƧ$ 4VDDJOBUF %/1 ǊǏ <ǎǍ> .FUBCPMJD JNBHJOH
 5$" DZDMF
ƥƦƭ9F 9FOPO  DBHF 0QUJDBM QVNQFE ǎǎ <ǎǎ> #JOEJOH
ƥƦƭ9F 9FOPO 	HBT
 0QUJDBM QVNQFE Ǎ <ǎǏ> -VOH JNBHJOH
Ƨ)F )FMJVN 	HBT
 0QUJDBM QVNQFE Ǌǈ <ǎǐ> -VOH JNBHJOH
Ƭƪ,S ,SZQUPO 	HBT
 0QUJDBM QVNQFE Ǌ <ǎǑ> -VOH JNBHJOH
ƥƩ/ $IPMJOF %/11)*1 Ǌǐǈ <Ǐǈ> $BODFS
NFUBCPMJTN
h#H2 RXRXk, >vT2`TQH`Bx2/ Ki2`BHb mb2/ BM BM@pBpQ bim/B2bX
QPTTJCMF UPYJDJUZ BOE UIFSBQFVUJD CFIBWJPS ĉF OBOPNBUFSJBM DBO CF EFTJHOFE UP IBWF JOUSJOTJD
QSPQFSUJFT UIBU BMMPX GPS EJSFDU JNBHJOH PS BO BSUJėDJBM JNBHJOH NBUFSJBM DBO BMTP CF JOUFHSBUFE
JOUP UIF TDBĎPME PG UIF OBOPNBUFSJBM &BDI PG UIF JOWJWP JNBHJOH UFDIOJRVFT IBT B OVNCFS PG
BEWBOUBHFT BOE EJTBEWBOUBHFT UIBU SFTUSJDU UIFN UP TQFDJėD BQQMJDBUJPOT
ǉǊǉ 0ńŉĽķĵŀ ĽŁĵĻĽłĻ Ńĺ łĵłŃńĵŇŉĽķŀĹň
0QUJDBM JNBHJOH PG ĚVPSFTDFOUNBSLFST IBT SFWPMVUJPOJ[FE JOWJUSP MBCPSBUPSZ TUVEJFT JO CJPDIFN
JTUSZ BMMPXJOH GBTU TFOTJUJWF SFMJBCMF BOE SFQSPEVDJCMFEFUFDUJPOPG UIF JOUFSBDUJPOTPG CJPNPMFDVMFT
XJUI FBDI PUIFS BOE NPMFDVMBS TQFDJFT )PXFWFS JOWJWP BQQMJDBUJPOT PG DIFNJDBM ĚVPSPQIPSFT
IBWF CFFO MJNJUFE BT UIF NPMFDVMFT IBWF QPPS TUBCJMJUZ BOE FBTJMZ QIPUPCMFBDI 4FNJDPOEVDUPS
RVBOUVN EPUT TVDI BT $E4F BOE 1C4F IBWF FNFSHFE BT B CFĨFS BMUFSOBUJWF GPS JOWJWP PQUJDBM
JNBHJOH BT UIFZ IBWF B NVDI IJHIFS RVBOUVN FđDJFODZ DBO CF FOHJOFFSFE UP IBWF B CSPBE BC
TPSQUJPO TQFDUSVN BOE UIF PVUQVU FNJTTJPO DBO CF FYUSFNFMZ OBSSPX BOE TUSPOHMZ EFQFOEFOU PO
ǉǋ
EPU TJ[F $FMM BVUPĚVPSFTDFODF BOE TUSPOH TDBĨFSJOH JO UIF WJTJCMF SFHJNF UIBU SFEVDFT SFTPMVUJPO
IBT MFE NFBOU UIBU NPTU BĨFOUJPO IBT CFFO GPDVTTFE PO NBUFSJBMT UIBU FNJU JO UIF OFBS JOGSBSFE
	/*3
 	 ǏǈǈON
 "U MPOHFS /*3 XBWFMFOHUIT 	 ǑǍǈON
 UIF TJHOBM JT TUSPOHMZ BĨFOVBUFE EVF
UP TUSPOH BCTPSQUJPO CZXBUFS BOE MJQJET CFGPSF B TFDPOE JNBHJOHXJOEPXPQFOT VQ BU∼ǉǋǍǈ ON
ĉF QSBDUJDBM JNBHJOH SFTPMVUJPO JT MFTT UIBO ǉ DN QFOFUSBUJPO EFQUI BOE TP DMJOJDBM BQQMJDBUJPOT
IBWF GPDVTTFE PO FOEPUIFMJVN JNBHJOH PS VUJMJ[JOH B DPOGPDBM FOEPTDPQJD DBNFSB $BSCPO OBO
PUVCFT IBWF CFFO TIPXO UP IBWF TUSPOH ĚVPSFTDFODF JO UIF TFDPOE /*3 XJOEPX <Ǐ> BMMPXJOH
EFFQFS JOWJWP JNBHJOH UISPVHI MBZFST PG TLJO XJUI IJHIFS TFOTJUJWJUZ *U JT DPNNPO GPS TNBMM 	
ǉǈ ON
 PQUJDBMMZ BDUJWF OBOPNBUFSJBMT UP CF MPBEFE JOUP B MBSHFS OBOPNBUFSJBM TDBĎPME UPHFUIFS
XJUI ESVHT TJ3/" QSPUFJOT BOE QFQUJEFT JO PSEFS UP QSPWJEF USBDLJOH PG UIF EFMJWFSZ PG UIFTF
JOWJWP %FTQJUF TVDDFTTGVM JOWJWP JNBHJOH USJBMT JO TNBMM BOJNBMT DMJOJDBM BQQMJDBUJPOT PG NPTU
PQUJDBMMZ BDUJWF RVBOUVN EPUT IBWF OPU QSPHSFTTFE EVF UP DPODFSOT SFHBSEJOH UIF CJPEFHSBEBCJM
JUZ PG NFUBMMJD OBOPQBSUJDMFT BOE UPYJDJUZ PG EFHSBEBUJPO CZQSPEVDUT PS JO UIF DBTF PG OBOPUVCFT
UIF UPYJD TUSVDUVSBM DIBSBDUFSJTUJDT PG UIF OBOPNBUFSJBMT UIFNTFMWFT /FWFSUIFMFTT PQUJDBM JNBHJOH
JT PěFO UIF ėSTU BOE FBTJFTU UFDIOJRVF GPS QSFDMJOJDBM JNBHJOH JO MBCPSBUPSZ TUVEJFT EVF UP JUT MPX
DPTU BOE TJNQMJDJUZ
ǉǊǊ $5 ĽŁĵĻĽłĻ Ńĺ łĵłŃŁĵŉĹŇĽĵŀň
(PME IBT B NVDI IJHIFS BUPNJD OVNCFS BOE YSBZ BCTPSQUJPO DPFđDJFOU UIBO JPEJOF BOE TP DBO
QSPWJEF FOIBODFE DPOUSBTU JO$5 JNBHJOH $PMMPJEBM HPME OBOPQBSUJDMFT BSF B TJNQMF BOE SFMBUJWFMZ
OPOUPYJD XBZ PG EFMJWFSJOH HPME JOUSBWFOPVTMZ IBWF CFFO VTFE GPS $5 JNBHJOH PG UIF WBTDVMBS
TUSVDUVSF <ǏǉmǏǌ> "EEJUJPOBMMZ UIF SBEJBUJPO EPTF JO SBEJPUIFSBQZ JT FOIBODFE BU JOUFSGBDFT CF
UXFFO FMFNFOUT PG IJHI BOE MPX BUPNJD OVNCFS BOE TP OBOPTDBMF HPME IBT CFFO VTFE GPS LJMMJOH
UVNPS DFMMT
ǉǌ
ǉǊǋ 1&5 Ńĺ łĵłŃŁĵŉĹŇĽĵŀň
1&5 JNBHJOH PG OBOP QBSUJDMFT JT QFSGPSNFE CZ BĨBDIJOH B SBEJPOVDMJEF PG JOUFSFTU UP UIF OBOPQBS
UJDMF TVSGBDF BT B ėOBM TUBHF JO UIF QSPDFTT CFGPSF JOKFDUJPO ĉF ƥƬ' JTPUPQF JT UIF NPTU DPNNPOMZ
VTFE GPS JTPUPQF EVF UP JUT MPOH IBMG MJGF 6TJOH UIJT UFDIOJRVF GPS JNBHJOH JT JOEFQFOEFOU PG QSPQ
FSUJFT PG UIF OBOPWFDUPS SBUIFS EFQFOEJOH PO UIF BWBJMBCJMJUZ PG DIFNJDBM NPEJėDBUJPO TUSBUFHJFT
UIBU DBO CF VTFE UP RVJDLMZ BĨBDI UIF ƥƬ' CFGPSF EFMJWFSZ
ǉǊǌ .3* Ńĺ łĵłŃŁĵŉĹŇĽĵŀň
ĉF FOIBODFE DPOUSBTU HFOFSBUFE CZ UIF QBSBNBHOFUJD QSPQFSUJFT PG (E DIMFBUFT BSF GVSUIFS JN
QSPWFECZVUJMJ[JOH BNBUFSJBMXJUI B TUSPOHFS QBSBNBHOFUJD FĎFDU BOECZ DPODFOUSBUJOH UIF BNPVOU
PG QBSBNBHOFUJD NBUFSJBM JO UIF MPDBM SFHJPO PG JNBHJOH 4VQFSQBSBNBHOFUJD JSPO PYJEF 	41*0

OBOPQBSUJDMFT XFSF POF PG UIF ėSTU NBUFSJBMT UIBU IBE UIFTF QSPQFSUJFT BOE B OVNCFS PG WBSJBUJPOT
IBWF CFFO '%" BQQSPWFE GPS NBOZ DMJOJDBM VTFT 	TFF 5BCMF ǉǊǉ
 8IFO QMBDFE JO B NBHOFUJD
ėFME JSPO PYJEF EFWFMPQT B MBSHF NBHOFUJD NPNFOU XIJDI DSFBUFT B MBSHF NBHOFUJD ėFME HSBEJFOU
UIBU TIPSUFOT UIF MPDBM TQJOTQJO SFMBYBUJPO 	5Ʀ
 PG OFBSCZ ƥ) OVDMFJ DSFBUJOH SFHJPOT XJUI TJH
OBM WPJET JO UIF SFTVMUJOH JNBHF BO FĎFDU LOPXO BT OFHBUJWF DPOUSBTU %VF UP UIJT '%" BQQSPWBM
BOE UIF VCJRVJUZ PG ƥ).3* UIF JODPSQPSBUJPO PG JSPO PYJEF JOUP OBOPWFDUPST JT OPX B DPNNPO
UFDIOJRVF GPS JNBHJOH OFX UZQFT PG OBOPNBUFSJBMT VOEFS EFWFMPQNFOU
1BSBNBHOFUJD OBOP QBSUJDMFT DBO BMTP CF VTFE GPS DPNCJOFE JNBHJOH BOE UIFSBQFVUJD BQQMJDB
UJPOT 3BEJPGSFRVFODZ JSSBEJBUJPO PG B IJHI DPODFOUSBUJPO PG JSPO PYJEF OBOPQBSUJDMFT SFTVMUT JO
MPDBM IFBUJOH UIBU DBVTFT DFMM EFBUI <ǏǍ> 6TF PG OBOPNBUFSJBMT XJUI FWFO IJHINBHOFUJDNPNFOUT
IBT BMTP CFFO JOWFTUJHBUFE $PCBMU QBSUJDMFT IBWF B TFWFO UJNFT IJHIFS TFOTJUJWJUZ UIBO 41*0 <Ǐǎ>
IPXFWFS SFBEJMZ PYJEJ[F BOE CSFBLEPXO JOWJWP MFBEJOH UP TJHOJėDBOU UPYJDJUZ FĎFDUT <ǏǏ>
"O BMUFSOBUJWF NFUIPE GPS HFOFSBUJOH IJHI DPOUSBTU JT UP JNBHF BOPUIFS OVDMFVT BQBSU GSPN
ƥ) UIBU JT OPU GPVOE OBUVSBMMZ JO IJHI DPODFOUSBUJPOT JO UIF CPEZ 'PS JOTUBODF UIF ƥƭ' OVDMFJ
ǉǍ
$PNQPVOE 1SPEVDU
OBNF
1BSUJDMF
4J[F
	ON

$PODFOUSBUJPO
	NH 'F LH
CPEZ XFJHIU

"QQSPWFE
"QQMJDBUJPO
'FSVNPYJEF 'FSSJEFY ǉǊǈǉǐǈ ǈǍǎ -JWFS BOE
TQMFFO MFTJPOT
'FSVNPYUSBO $PNCJEFY ǉǍǍǈ ǊǍ -ZNQI OPEFT
NFUBTUBUJD
BDUJWJUZ
NBDSPQIBHF
JNBHJOH
'FSVNPYTJM (BTUSP."3,  ǋǍǈǈ ǉǎǈ NH 'F 
EPTF
(* DPOUSBTU
'FSJTUFOF "CEPTDBO
	&6 POMZ

ǋǈǈ ǑǈNH 'F  EPTF (* DPOUSBTU
'FSVDBSCPUSBO 3FTPWJTU ǎǈ ǌǍ -JWFS BOE
TQMFFO MFTJPOT
DFMM MBCFMMJOH
'FSVHMPTF $MBSJTDBO Ǌǈ ǋ -JWFS MFTJPOT
h#H2 RXkXR, 6. TT`Qp2/ B`QM@QtB/2 BK;BM; ;2MibX h?2 +QM+2Mi`iBQM /Qb2b HBbi2/ `2
BM K; Q7 62f F; Q7 TiB2Mi #Q/v r2B;?i Q#iBM2/ 7`QK i?2 KMm7+im`2`X hvTB+HHv i?2`2 Bb
ƥƤ−Ƨ − ƥƤ−ƪ T; 62fT`iB+H2X Ai b?QmH/ #2 MQi2/ i?i Hi?Qm;? `2+2BpBM; 6. TT`QpH- HH
;2Mib `2 /Bb+QMiBMm2/ 7`QK T`Q/m+iBQM i i?2 iBK2 Q7 r`BiBM;X
ǉǎ
JO ĚVPSJOBUFE NJDFMMFT BOE MJQJE CBTFE OBOPQBSUJDMFT IBT CFFO TVDDFTTGVMMZ JNBHFE CZ.3* <Ǐǐ>
ǉǋ .ŃŉĽŋĵŉĽŃł ĺŃŇ ŉļĽň ŉļĹňĽň
%FTQJUF TFWFSBM UIPVTBOEVOJRVF TUVEJFT PG JOWJWP BQQMJDBUJPOT PG OBOPWFDUPST WFSZ GFX UFDIOPMP
HJFT IBWF QSPHSFTTFE UP UIF TUBHF PG HBJOJOH BQQSPWBM GPS IVNBO VTF BOE CFJOH VTFE JO UIF DMJOJD
ĉF JEFBM JNBHJOH OBOPWFDUPS JT
r /POUPYJD
r )JHIDPOUSBTU  POMZ MPX DPODFOUSBUJPOT SFRVJSFE
r 1PTJUJWF DPOUSBTU
r 8JUIPVU CBDLHSPVOE TJHOBM
r 7JTJCMF EFFQ JOUP PQBRVF TUSVDUVSFT
r %PFT OPU VTF JPOJ[JOH SBEJBUJPO
r "ĎPSEBCMF  UP NBOVGBDUVSF BT XFMM BT JNBHF
r "CMF UP QSPWJEF EJBHOPTUJD BT XFMM BT TUSVDUVSBM JOGPSNBUJPO
*O BQQSPWJOH OBOP WFDUPST GPS DMJOJDBM VTF UIF '%" 	BOE SFMBUFE BHFODJFT
 XFJHI VQ UIF CFOFėU
PG BEEJUJPOBM EJBHOPTUJD JOGPSNBUJPO PS UIFSBQFVUJD BDUJPO UP UIF QBUJFOU 5PYJDJUZ IBT CFFO UIF
NPTU TJHOJėDBOU JTTVF GBDJOH UIF DMJOJDBM BQQSPWBM PG OBOP WFDUPST BT UIF MPOH UFSN FĎFDUT PG NBOZ
WFDUPST BSF VOLOPXO *O QBSUJDVMBS QBSUJDMFT NBEF VQ PG IFBWZ NFUBMT UIBU NBZ OPU CF SFOBMMZ
DMFBSFE PS TZTUFNT UIBU BDU BT PYJEJ[JOH BHFOUT VOEFS TPNF JOWJWP DPOEJUJPOT IBWF TIPXO DPOUSB
EJDUPSZ SFTVMUT JO BOJNBM UPYJDJUZ TUVEJFT 4JMJDPO IBT FNFSHFE BT B NBUFSJBM PG DIPJDF GPS DPBUJOH
PUIFS OBOP NBUFSJBMT BT B ėSTU TUFQ JO SFEVDJOH UIFJS UPYJDJUZ BOE NPSF SFDFOUMZ BT B TUBOEBMPOF
NBUFSJBM GPS OBOP WFDUPST *O UIF JOWJWP FOWJSPONFOU TJMJDPO CSFBLT EPXO JOUP TJMJDJD BDJE XIJDI
JT SFOBMMZ DMFBSFE JO B SFMBUJWFMZ TIPSU QFSJPE PG UJNF <ǋǑ>
ǉǏ
ǉǋǉ 4ŉŇŊķŉŊŇĹ Ńĺ ŉļĽň ŉļĹňĽň
ĉJT UIFTJT EFUBJMT UIF EFWFMPQNFOU PG B OFX UZQF PG .3* JNBHJOH UFDIOJRVF GPS NPOJUPSJOH TJMJ
DPO QBSUJDMFT JOWJWP 8F IBWF BĨFNQUFE UP SFQMJDBUF NBOZ PG UIF LFZ GFBUVSFT PG PUIFS TVDDFTTGVM
UFDIOJRVFT JO CPUI OBOPNFEJDJOF BOE NFEJDBM JNBHJOH BOE DSFBUF B UFDIOPMPHZ UIBU PĎFST UIF
MPOH JNBHJOH XJOEPXT BTTPDJBUFE XJUI ƥƬ' 1&5 	5BCMF ǉǉǉ
 XJUIPVU UIF VTF PG JPOJ[JOH SBEJ
BUJPO ĉF Ʀƭ4J OVDMFJ BSF IZQFSQPMBSJ[FE CZ MPX UFNQFSBUVSF EZOBNJD OVDMFBS QPMBSJ[BUJPO BOE
EJSFDUMZ JNBHFE VTJOH Ʀƭ4J .3* ĉF JNBHJOH XJOEPX BDIJFWBCMF JT TFWFSBM PSEFST PG NBHOJUVEF
HSFBUFS UIBO PUIFS IZQFSQPMBSJ[FE BHFOUT 	5BCMF ǉǉǊ
 JT QPTJUJWF DPOUSBTU BOE XJUIPVU B CBDL
HSPVOE TJHOBM ĉF UFDIOJRVF SFRVJSFT OP BEEJUJPOBM JNBHJOH BHFOU UP CF JODPSQPSBUFE JOUP UIF
TJMJDPO BOE TP UPYJDJUZ DPNQMJDBUJPOT BSF SFEVDFE *U JT BQQMJDBCMF UP B XJEF SBOHF PG QBSUJDMF TJ[FT
UIBU DBO CF TFMFDUFE CBTFE PO UIF JOWJWP BQQMJDBUJPO BOE JNBHJOH XJOEPX SFRVJSFE ĉF UFDI
OJRVF JT OPU VOJRVF UP UIF TJMJDPO QBSUJDMFT JOWFTUJHBUFE XJUIJO UIJT UIFTJT BOE NBZ CF BQQMJDBCMF
UP B WBSJFUZ PG TJMJDPO QBSUJDMFT BMSFBEZ VOEFS EFWFMPQNFOU JO CJPNFEJDBM SFTFBSDI PQFOJOH VQ UIF
QPTTJCJMJUZ PG JNBHJOH UBSHFUJOH ESVH MPBEJOH BOE SFMFBTF JO B MPX UPYJDJUZ OBOPQBSUJDMF NFEJVN
r $IBQUFS ǊPVUMJOFT UIFNBJO UIFPSJFT PG OVDMFBS BOE FMFDUSPO TQJO FĎFDUT JO TFNJDPOEVDUPST
XJUI TQFDJėD GPDVT PO TQJOǉǊ OVDMFJ 6OEFSTUBOEJOH UIF NJDSPTDPQJD TQJO EZOBNJDT XBT
DSVDJBM GPS B EFFQ VOEFSTUBOEJOH PG UIFNBUFSJBMT TDJFODF JO QBSUJDVMBS NFDIBOJTNT GPS TQJO
SFMBYBUJPO GPS NBLJOH MPOH 5ƥ QBSUJDMFT BOE FMFDUSPOOVDMFBS TQJO JOUFSBDUJPOT GPS PQUJNJ[
JOH UIF IZQFSQPMBSJ[BUJPO QSPDFTT JO TJMJDPO QBSUJDMFT
r $IBQUFS ǋ EFTDSJCFT JOJUJBM NFBTVSFNFOUT PG UIF SPPN UFNQFSBUVSF Ʀƭ4J TQJO MBĨJDF SFMBY
BUJPO UJNF JO B WBSJFUZ PG TJMJDPO QBSUJDMFT
r $IBQUFS ǌ EFTDSJCFT NFBTVSFNFOUT BOE UIFPSZ PO UIF EFDBZ PG OVDMFBS IZQFSQPMBSJ[BUJPO
JO VOEPQFE BOE EPQFE TJMJDPO NJDSP QBSUJDMFT
ǉǐ
r $IBQUFSǍEFUBJMT BOFX UFDIOJRVF GPS FOIBODJOH UIFEZOBNJDOVDMFBSQPMBSJ[BUJPO JO TJMJDPO
QBSUJDMFT VTJOH NPEVMBUFE NJDSPXBWF JSSBEJBUJPO
r $IBQUFS ǎ EFTDSJCFT UIF SBUJPOBM EFTJHO BOE TZOUIFTJT PG IJHIRVBMJUZ TJMJDPO OBOPQBSUJDMFT
	∼ ǉǈ ON
 BT XFMM BT UIFJS EZOBNJD OVDMFBS QPMBSJ[BUJPO QSPQFSUJFT
r $IBQUFS Ǐ EFTDSJCFT VTJOH UIF TVSGBDF PG TJMJDPO QBSUJDMFT GPS QPMBSJ[JOH ƥ) SJDI GSP[FO TPMV
UJPOT TVSSPVOEJOH UIF QBSUJDMFT
r $IBQUFS ǐ EFUBJMT UIF VTF PG UIF IZQFSQPMBSJ[FE TJMJDPO QBSUJDMFT BT JOWJWP NBHOFUJD SFTP
OBODF JNBHJOH BHFOUT XJUI BQQMJDBUJPOT GPS HBTUSPJOUFTUJOBM JNBHJOH JOUSBWFOPVT JNBHJOH
JOUSBQFSJUPOFBM JNBHJOH BOE QFSGVTJPO JNBHJOH
r $IBQUFS Ǒ EFTDSJCFT B OVNCFS PG BEEJUJPOBM SFTVMUT FĎFDUT PG PQUJDBM JSSBEJBUJPO PO UIF
SPPN UFNQFSBUVSF TQJO SFMBYBUJPO BOE MPX UFNQFSBUVSF EZOBNJD OVDMFBS QPMBSJ[BUJPO PG
TJMJDPO NJDSP BOE OBOPQBSUJDMFT UIF UFNQFSBUVSF EFQFOEFODF PG UIF EFDBZ PG OVDMFBS TQJO
IZQFSQPMBSJ[BUJPO JO B WBSJFUZ PG TJMJDPO QBSUJDMFT BOE UIF FĎFDU PG B ƥ) SJDI TPMVUJPO PG UIF
%/1 QSPDFTT
r $IBQUFS ǉǈ QSPWJEFT TPNF DPODMVEJOH SFNBSLT BOE BO BTTFTTNFOU PG UIF GVUVSF WJBCJMJUZ
PG UIJT UFDIOPMPHZ
ĉF UIFTJT JT BMTP BDDPNQBOJFE CZ B OVNCFS PG BQQFOEJDFT UIBU QSPWJEF UFDIOJDBM EFUBJMT GPS
UIF DPOTUSVDUJPO PG UIF%/1QPMBSJ[FS JUT PQFSBUJPO EFTDSJCFT EFUBJMT PG TVSGBDF GVODUJPOBMJ[BUJPO
TUSBUFHZ BOE UIF BOJNBM TVSHFSZ QSPDFEVSFT
ǉǑ
2
4JMJDPO  .BUFSJBMT 1SPQFSUJFT BOE 4QJO
*OUFSBČJPOT
4ĽŀĽķŃłļĵň ĶĹĹł ŉļĹŌŃŇĿļŃŇňĹ ŁĵŉĹŇĽĵŀ PG UIF TFNJDPOEVDUPS NJDSPFMFDUSPOJDT JOEVTUSZ
GPS PWFS IBMG B DFOUVSZ BOE JUT NBUFSJBMT QSPQFSUJFT JOWFTUJHBUFE UISPVHI B NZSJBE PG UFDIOJRVFT
%VF UP UIF BWBJMBCJMJUZ PG IJHI RVBMJUZ TBNQMFT BT XFMM BT UVOBCMF QSPQFSUJFT 	GSPN JOTVMBUJOH UP
NFUBMMJD
 BDDFTTJCMF WJB EPQJOH JU XBT POF PG UIF ėSTU NBUFSJBMT JOWFTUJHBUFE GPS OVDMFBS NBHOFUJD
SFTPOBODF BOE EZOBNJD OVDMFBS QPMBSJ[BUJPO FYQFSJNFOUT <ǏǑmǐǎ>
Ǌǈ
(a)
(b)
(c)
a
6B;m`2 kXRXR, S?QiQ;`T?b Q7 UV #mHF bBHB+QM M/ U#V  ?B;?@`2bBbiBpBiv bBHB+QM r72`X U+V
a+?2KiB+ Q7 i?2 bBHB+QM HiiB+2 b?QrBM; i?2 /BKQM/ +m#B+ +`vbiH bi`m+im`2X
4JMJDPO JT UIF TFDPOENPTU BCVOEBOU FMFNFOUPOFBSUI 	Ǌǎǋƻ
 QSFDFEFEPOMZCZPYZHFO	ǌǐǑƻ

4JMJDPO JT IJHIMZ SFBDUJWF BOE TP VTVBMMZ UIFTF UXP FMFNFOUT BSF GPVOE UPHFUIFS JO B DMBTT PG NB
UFSJBMT LOPXO BT TJMJDBUFT 1VSF TJMJDPO DBO CF FYUSBDUFE GSPN TJMJDBUFT CZ B WBSJFUZ PG DIFNJDBM
QVSJėDBUJPO UFDIOJRVFT JODMVEJOH IJHI UFNQFSBUVSF SFEVDUJPO BOE FMFDUSPMZTJT 0ODF QVSJėFE JU
DBO FYJTU JO FJUIFS BNPSQIPVT PS DSZTUBMMJOF GPSN PS BT B QPMZDSZTUBMMJOF TUSVDUVSF DPOTJTUJOH PG
NVMUJQMF NPSQIPMPHJFT ĉF DSZTUBMMJOF GPSN DPOTJTUT PG B QBJS PG JOUFSMFBWFE CPEZ DFOUFSFE DVCJD
MBĨJDFT XJUI MBĨJDF TQBDJOH B = Ƥ.ƩƨƧƤƭ ON 	'JH Ǌǉǉ
 PěFO SFGFSSFE UP BT B AEJBNPOE DVCJD
MBĨJDF ĉJT MBĨJDF JT JTPUSPQJD NFBOJOH UIBU OP BYJT PG PSJFOUBUJPO JT QSFGFSFOUJBM PWFS BOPUIFS
Ǌǉ .ĵŉĹŇĽĵŀň ńŇŃńĹŇŉĽĹň Ńĺ ňĽŀĽķŃł
8JUIJO UIF MBĨJDF B OVNCFS PG JTPUPQFT PG TJMJDPO UIBU FYJTU ĉFJS NBTT OVNCFST OBUVSBM BCVO
EBODF BOE OVDMFBS TQJOT BSF MJTUFE JO 5BCMF Ǌǉǉ  ĉF Ʀƭ4J OVDMFJ BSF UIF POMZ OPO[FSP TQJO JTP
Ǌǉ
*TPUPQF /BUVSBM "CVOEBODF 4QJO
ƦƬ4J ǑǊǊǋƻ ǈ
Ʀƭ4J ǌǎǏƻ ǉǊ
ƧƤ4J ǋǉƻ ǈ
ƧƦ4J USBDFǮ ǈ
h#H2 kXRXR, AbQiQT2b Q7 bBHB+QM
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6B;m`2 kXRXk, p2`;2 M2`2bi M2B;?#Q` bT+BM; Q7 ƦƭaB Mm+H2B 7Q` /Bz2`2Mi H2p2Hb Q7 BbQiQTB+
2M`B+?K2MiX
UPQFT BOE UIFZ BSF XIBU JT EFUFDUFE JO OVDMFBS NBHOFUJD SFTPOBODF FYQFSJNFOUT
ĉF Ʀƭ4J OVDMFJ IBWF B OBUVSBM BCVOEBODF PG ǌǎǏƻ IPXFWFS UIJT DBO CF WBSJFE CZ B QSPDFTT
LOPXO BT JTPUPQJD FOSJDINFOU $IBOHJOH UIF JTPUPQJD GSBDUJPO DIBOHFT UIF TQBDJOH3 CFUXFFO UIF
Ʀƭ4J OVDMFJ BOE DBO IBWF B ESBTUJD FĎFDU PO UIF OVDMFBS TQJO QSPQFSUJFT *O UIJT UIFTJT XF JOWFTUJHBUF
QBSUJDMFT PG OBUVSBM BCVOEBODF BOE FOSJDIFE QBSUJDMFT 	ǑǊƻ Ʀƭ4J
 QSPWJEFE BT CVMLNBUFSJBM CZ +PFM
"HFS BU -BXSFODF #FSLFMFZ -BCT
'PS B EJMVUF TQJO TZTUFN PG DPODFOUSBUJPO/4 TVDI BT UIF Ʀƭ4J OVDMFJ JO TJMJDPO UIF BWFSBHF EJT
UBODF CFUXFFO OFJHICPSJOH Ʀƭ4J OVDMFJ NBZ CF PCUBJOFE CZ UBLJOH B 1PJTTPO EJTUSJCVUJPO BOE TFU
Ǯ)BMGMJGF PG ǉǏǈ ZFBST
ǊǊ
UJOH UIF QSPCBCJMJUZ FYQ(−ƨӍ/4SƧ/Ƨ) PG ėOEJOH OP PUIFS QBSUJDMF XJUIJO B EJTUBODF S PG B QBSUJDMF
BU UIF PSJHJO FRVBM UP ƥ/Ʀ ĉJT HJWFT
3 = Ƥ.ƩƩB/−ƥ/Ƨ4 . 	Ǌǉ

'PSOBUVSBM BCVOEBODF Ʀƭ4J UIJT SFTVMUT JO BOBWFSBHFOFBSFTU OFJHICPSEJTUBODFPG∼ǉON	'JH ǊǉǊ

Ǌǉǉ %ŃńĽłĻ ĵłĸ ĶĵłĸňŉŇŊķŉŊŇĹ
4JMJDPO JT B HSPVQ *7 FMFNFOU PO UIF QFSJPEJD UBCMF IBWJOH GPVS FMFDUSPOT JO JUT PVUFS TIFMM *U JT
B TFNJDPOEVDUPS XJUI BO JOEJSFDU CBOE HBQ PG ǉǉǊ F7 BOE B CBOE HBQ PG ǋǌ F7 BU UIF π QPJOU
*O QVSF TJMJDPO BU ǋǈǈ , UIF UIFSNBM BDUJWBUJPO PG DBSSJFST XJUIJO JO UIF DSZTUBM JT TNBMM PG PSEFS
ƥƤƥƤ DN−Ƨ <ǐǏ> BOE UIF NBUFSJBM JT MBSHFMZ JOTVMBUJOH )PXFWFS TJMJDPO BUPNT NBZ CF SFQMBDFE JO
UIF MBĨJDF CZ FMFNFOUT GSPN HSPVQ *** PS HSPVQ 7 PG UIF QFSJPEJD UBCMF NPTU DPNNPOMZ CPSPO
BOE QIPTQIPSVT XIJDI FJUIFS QSPWJEF BO FYDFTT IPMF PS FMFDUSPO USBOTGPSNJOH UIF NBUFSJBM GSPN
B OFBS JOTVMBUPS 	SFTJTUJWJUZ  ǉǈǈ L ϕ DN−ƥ
 UP B NFUBM 	SFTJTUJWJUZ ǈǉ ϕDN
 	'JH Ǌǉǋ
 <ǐǐ>
*O BEEJUJPO UP UIFTF BUPNT UIBU EPQF TJMJDPO DMPTF UP UIF WBMBODF PS DPOEVDUJPO CBOE B OVNCFS PG
FMFNFOUT DBO CF VTFE BT NJEHBQ EPQBOUT JODMVEJOH HPME DPQQFS PS TBNBSJVN <ǐǈ>
ǊǊ .ĵĻłĹŉĽķ ŇĹňŃłĵłķĹ
#FGPSF EJTDVTTJOH UIF TQFDJėDT PG FMFDUSPO BOE OVDMFBS NBHOFUJD SFTPOBODF JO TJMJDPO XF XJMM SF
WJFX UIF CBTJT PG NBHOFUJD SFTPOBODF JO TQJOƥ/Ʀ TZTUFNT *U TIPVME CF OPUFE UIBU UIF TQJO JOUFSBD
UJPOT JO TJMJDPO BSF FYUSFNFMZ TJNJMBS UP UIPTF JO EJBNPOE BOE NVDI PG UIF UIFPSZ EFTDSJCJOH UIF
UXP TZTUFNT JT JOUFSDIBOHFBCMF <ǐǑmǑǊ>
Ǌǋ
10-2
10-1
100
101
102
103
104
Re
sis
tiv
ity
 (
 c
m
-1
)
1012  1014 1016 1018 
Dopant Density (cm-3)
 Phosphorus
 Boron
6B;m`2 kXRXj, _2bBbiBpBiv b  7mM+iBQM Q7 /QTMi /2MbBiv 7Q` T?QbT?Q`mb UM@ivT2V M/ #Q`QM
UT@ivT2V /QTBM; (33)X
ǊǊǉ "łĻŊŀĵŇ ŁŃŁĹłŉŊŁ
" GVOEBNFOUBM QSPQFSUZ PG CPUI UIF BUPNJD OVDMFVT BOE FMFDUSPO JT UIF TQJO XIJDI JT EFTDSJCFE CZ
UIF TQJO RVBOUVN OVNCFS 4 ĉF FMFDUSPO TQJO VOJWFSTBMMZ IPMET B WBMVF PG 4 = ƥ/Ʀ XIJMF OVDMFJ
NBZ QPTTFTT FJUIFS IBMGJOUFHFS BOE JOUFHFS WBMVFT PG TQJO " OVDMFVT NBZ IBWF OP TQJO BOHVMBS
NPNFOUVN 	4 = Ƥ
 JG UIF OVNCFS PG QSPUPOT BOE OFVUSPOT JO UIF HSPVOE TUBUF BSF CPUI FWFO PS
QPTTFTT B TQJO 	4 > Ƥ
 JG FJUIFS UIF OVNCFS PG QSPUPOT PS OFVUSPOT JO UIF OVDMFVT JT PEE ĉF UPUBM
BOHVMBS NPNFOUVN PG QBSUJDMFT XJUI TQJO 4 JT RVBOUJ[FE BOE UBLF WBMVFT PG UIF GPSN
!4 = [4(4+ ƥ)]ƥ/Ʀ!. 	ǊǊ

ĉF BTTPDJBUFE RVBOUVN OVNCFS JT LOPXO BT UIF NBHOFUJD RVBOUVN OVNCFS N BOE DBO UBLF
WBMVFT GSPN 4 UP 4 JO JOUFHFS TUFQT 	N 44ǉ4
 SFTVMUJOH JO Ʀ4+ ƥ BMMPXFE PSJFOUBUJPOT
ĉF QSFTFODF PG TQJO BOHVMBS NPNFOUVN!4 HJWFT SJTF UP B NBHOFUJD NPNFOU!ӉXIJDI JT EJSFDUMZ
QSPQPSUJPOBM UP UIF TQJO BDDPSEJOH UP
!Ӊ = ҽ!4. 	Ǌǋ

Ǌǌ
ĉFQSPQPSUJPOBMJUZ DPOTUBOU ҽ JT LOPXOBT UIFHZSPNBHOFUJD SBUJP BOEEFUFSNJOFT UIF TUSFOHUI
PG UIJT SFMBUJPOTIJQǯ "T B DPOTFRVFODF PG UIJT GPSNVMB BOZ OVDMFVT XJUI B OPO[FSP TQJO BOHVMBS
NPNFOUVN XJMM IBWF B DPSSFTQPOEJOH NBHOFUJD NPNFOU BOE DBO JOUFSBDU XJUI B NBHOFUJD ėFME
'PS BO FMFDUSPO PG DIBSHF (−F) BOE NBTT NF XIFSF F JT UIF FMFNFOUBSZ DIBSHF JOTUFBE PG B
HZSPNBHOFUJD SBUJP ҽ XF SFGFS UP UIF TQJO NBHOFUJD NPNFOU BT
!Ӊ =
HFӉ#
!
!4 	Ǌǌ

XIFSF HF JT UIF FMFDUSPO HGBDUPS BOE
Ӊ# =
−F!
ƦNF
	ǊǍ

JT UIF #PIS NBHOFUPO
" GSFF FMFDUSPO IBT B HGBDUPS HF  ǊǈǈǊ IPXFWFS XJUIJO B NBUFSJBM UIF HGBDUPS XJMM CF TUSPOHMZ
EFQFOEFOU PO UIF FMFDUSPOT MPDBM FOWJSPONFOU ĉFSF BSF B OVNCFS PG EJĎFSFOU FMFDUSPOJD EFGFDUT
XJUIJO TJMJDPO UIBU BSF JEFOUJėFE CZ EJĎFSFOU HGBDUPST UIBU EFQFOE PO XIFUIFS JU JT B DPOEVDUJPO
FMFDUSPOPS CPVOE UP B MBĨJDF TJUF BOE UIF MPDBM FOWJSPONFOU PG UIF FMFDUSPO TVDI BT UIF PSJFOUBUJPO
PG UIF DSZTUBM MBĨJDF BOE TUSBJO 	5BCMF ǊǊǉ

ǊǊǊ ;ĹĹŁĵł ĹĺĺĹķŉ
ĉF TJNQMFTU JOUFSBDUJPO CFUXFFO B NBHOFUJD NPNFOU BOE B TUBUJD FYUFSOBM NBHOFUJD ėFME !#Ƥ IBT
BO FOFSHZ
&N = −!Ӊ.!#Ƥ. 	Ǌǎ

ǯĉF HZSPNBHOFUJD SBUJP GPS FBDI OVDMFVT JT VOJRVF BOE DBO BDU BT B GPSN PG TQFDUSPTDPQJD ėOHFSQSJOU XIFO
EFUFSNJOJOH DIFNJDBM DPNQPTJUJPO
ǊǍ
%FGFDU HFƥ HFƦ HFƧ %FTDSJQUJPO
1C ǊǈǈǉǊ Ǌǈǈǐǉ Ǌǈǈǐǉ 4J4JƧ BU TJMJDPO TJMJDPO PYJEF JOUFSGBDF
1C Ǌǈǈǎ 0SJFOUBUJPO BWFSBHFE 1C EFGFDU
(Ƭ ǊǈǈǍ ǊǈǉǉǊ ǊǈǈǑǎ 4J4JƧ BU 4J WBDBODZ
(ƫ ǊǈǈǉǊ ǊǈǉǋǍ ǊǈǉǍǈ 4J4JƧ BU EJWBDBODZ
1ƥ ǊǈǈǊǋ Ǌǈǉǉǐ Ǌǈǉǈǎ 4J4JƧ BU QFOUBWBDBODZ
(Ʀ ǊǈǉǍǉ ǊǈǈǊǐ Ǌǈǈǋǐ 4J4 CFOU CPOE
#ƥ ǊǈǈǑǊ ǊǈǈǊǎ Ǌǈǈǋǋ 4J4J CFOU CPOE
(ƥ ǊǈǈǐǏ ǉǑǑǐǑ ǉǑǑǐǑ 4J4J CFOU CPOE PWFS WBDBODZ
&9 ǊǈǈǊǍ
&′ Ǌǈǈǉǐ ǊǈǈǈǍ Ǌǈǈǈǋ 0Ƨ4J 4J0Ƨ WBDBODZ
4J : 1 ǉǑǑǐǏǊ 1IPTQIPSVT EPQBOU JO TJMJDPO
h#H2 kXkXR, 1H2+i`QMB+ /272+ib B/2MiB}2/ BM bBHB+QM M/ bBHB+QM QtB/2b (Nj)X
*G XF BTTVNF UIF TUBUJD ėFME UP CF PSJFOUFE BMPOH [ˆ 	!#Ƥ = #Ƥ[ˆ
 UIFO
&N = −ҽ#Ƥ4[. 	ǊǏ

'PS B TQJOǉǊ TZTUFN XIFSFN = ±ƥ/Ʀ UIF FOFSHZ EJĎFSFODF CFUXFFO UIF ǉ TUBUF BOE UIF ǉ
TUBUF JT
ρ& = &− − &+ = ( ƥƦҽ#Ƥ +
ƥ
Ʀ
ҽ#Ƥ) = ҽ#Ƥ. 	Ǌǐ

ĉJT TQMJĨJOH JT LOPXO BT UIF;FFNBO FĎFDU BOE UIF DPSSFTQPOEJOH FOFSHZ UIF;FFNBO FOFSHZ
BOE JT TIPXO GPS B TQJO ǉǊ TZTUFN JO 'JH ǊǊǉ *U TIPVME CF OPUFE UIBU UIJT EJBHSBN DPSSFTQPOET
UP B QBSUJDMF XJUI OFHBUJWF ҽ BT JT UIF DBTF XJUI Ʀƭ4J BOE UIF FMFDUSPO 'PS OVDMFJ XJUI ҽ > Ƥ
TVDI BT ƥ) UIF TQJO BOHVMBS NPNFOUVN JT BMJHOFE XJUI UIF NBHOFUJD NPNFOU BOE UIF QJDUVSF JT
SFWFSTFE ĉF NBHOJUVEF PG UIF TQMJĨJOH JT EJSFDUMZ QSPQPSUJPOBM UP UIF TUSFOHUI PG UIF FYUFSOBM
NBHOFUJD ėFME SFTVMUJOH JO BO JODSFBTFE FOFSHZ CJBT UPXBSET UIF ǉ TQJO TUBUF BU IJHIFS NBHOFUJD
ėFME 	B TQJO BOUJBMJHOFE XJUI UIF NBHOFUJD ėFME
 ĉJT FOFSHZ EJĎFSFODF DBO CF XSJĨFO JO UFSNT
Ǌǎ
Magnetic Field (B0)
En
er
gy
6B;m`2 kXkXR, h?2 2M2`;v #2ir22M i?2 bTBM mT bii2b M/ bTBM /QrM bii2b b+H2b HBM2`Hv
rBi? K;M2iB+ }2H/X h?Bb /B;`K +Q``2bTQM/b iQ  T`iB+H2 rBi? M2;iBp2 ҽ- b Bb i?2 +b2
rBi? ƦƭaB M/ i?2 2H2+i`QMX
PG B GSFRVFODZ 	ρ& = !ӗ
 SFTVMUT JO UIF SFMBUJPOTIJQ
ӗƤ = ҽ#Ƥ. 	ǊǑ

ĉF GSFRVFODZ ӗƤ JT SFGFSSFE UP BT UIF -BSNPS GSFRVFODZ BOE SFQSFTFOUT UIF USBOTJUJPO FOFSHZ
CFUXFFO UXP TQJO TUBUFT JO BO BQQMJFE NBHOFUJD ėFME
ǊǊǋ 5ļĹŇŁĵŀ ńŃŀĵŇĽŐĵŉĽŃł
&BDI TQJO XJUI OPO[FSP NBHOFUJD NPNFOU XJMM JOUFSBDU XJUI BO FYUFSOBM NBHOFUJD ėFME )PXFWFS
UP CF PCTFSWBCMF UIF NBHOFUJD NPNFOUT NVTU BEE VQ UP GPSN B OFU OPO[FSP TQJO QPMBSJ[BUJPO
SFTVMUJOH JO B NBDSPTDPQJD NBHOFUJ[BUJPO WFDUPS QBSBMMFM UP !#Ƥ
!. =
∑
!ӉVQ +
∑
!ӉEPXO. 	Ǌǉǈ

*U JT UIJT OFUNBHOFUJ[BUJPO UIBU DBO CF QSPCFEXJUI B TNBMM SPUBUJOH USBOTWFSTF ėFME BOE JT XIBU
ǊǏ
QSPWJEFT UIF OFU PTDJMMBUJOH NBHOFUJD ĚVY UIBU JOEVDFT B EFUFDUBCMF TJHOBM JO NBHOFUJD SFTPOBODF
FYQFSJNFOUT
'PS B TZTUFN PG /  O+ + O− EJTUJOHVJTIBCMF QBSUJDMFTǰ UIF OFU OVDMFBS QPMBSJ[BUJPO 1 DBO CF
EFėOFE BT
1 = (O+ − O−)
(O+ + O−)
. 	Ǌǉǉ

ĉF QPQVMBUJPOT BU UIFSNBM FRVJMJCSJVN PCFZ #PMU[NBOO TUBUJTUJDT BOE TP UIF OVNCFS PG QBSUJDMFT
JO UIF JUI TUBUF JT
OJ = /
HJFYQ[−(&J/L#5)]∑
J HJFYQ[−(&J/L#5)]
	ǊǉǊ

XIFSF HJ JT UIF EFHFOFSBDZ PG UIF JUI TUBUF BOE L# JT UIF #PMU[NBOO DPOTUBOU
'PS B TQJO ǉǊ TZTUFN UIF EFHFOFSBDZ JT Ǌ XIJDI HJWFT B UIFSNBM QPMBSJ[BUJPO WBMVF PG
1 = UBOI
(
ҽ!#Ƥ
ƦL#5
)
. 	Ǌǉǋ

ĉFNBHOFUJ[BUJPO BOE UIVT UIF/.3TJHOBM JT QSPQPSUJPOBM UP UIF QPMBSJ[BUJPO BOE UIF UPUBM OVN
CFS PG OVDMFJ XJUIJO UIF TBNQMF
ĉFSF BSF B OVNCFS PG LFZ PCTFSWBUJPOT UIBU DBO CF NBEF GSPN UIJT SFTVMU TIPXO JO 'JH ǊǊǊ
'JSTU JODSFBTJOH UIF TUBUJDNBHOFUJD ėFMEXJMM DPSSFTQPOEJOHMZ JODSFBTF UIF TQJOQPMBSJ[BUJPO	'JH ǊǊǊ
	B

 4JNJMBSMZ B EFDSFBTF JO UIF UFNQFSBUVSF XJMM IBWF UIF TBNF FĎFDU BT UIFSF JT MFTT UIFSNBM
FOFSHZ BWBJMBCMF UP FYDJUF UIF TQJO UP UIF IJHIFS FOFSHZ TUBUF 	'JH ǊǊǊ	C

 'JOBMMZ UIF TQJO QP
MBSJ[BUJPOT GPS FMFDUSPO BOE EJĎFSFOU OVDMFJ EJĎFS TJHOJėDBOUMZ BDSPTT B SBOHF PG UFNQFSBUVSFT BOE
NBHOFUJD ėFMET &YQMPJUJOH UIJT MBSHF EJĎFSFODF JO QPMBSJ[BUJPO CFUXFFO UIF FMFDUSPO BOE OVDMFJ JT
BO VOEFSMZJOH DPNQPOFOU PG UIF UFDIOJRVF PG EZOBNJD OVDMFBS QPMBSJ[BUJPO
ǰEJTUJOHVJTIBCMF CFDBVTF UIFJS EF #SPHMJF XBWFMFOHUI JT TIPSUFS UIBO UIF JOUFS QBSUJDMF TQBDJOH
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6B;m`2 kXkXk, UV J;M2iB+ }2H/ /2T2M/2M+2 Q7 Mm+H2` TQH`BxiBQMb i h4 jyy EX U#V h2K@
T2`im`2 /2T2M/2M+2 Q7 2H2+i`QM M/ Mm+H2` TQH`BxiBQMb i " 4 j hX
ǊǊǌ .ĹĵňŊŇĽłĻ łŊķŀĹĵŇ ńŃŀĵŇĽŐĵŉĽŃł
ǊǊǌǉ 5ļĹ ŇŃŉĵŉĽłĻ ĺŇĵŁĹ
" VTFGVM TJNQMJėDBUJPO GPS EFTDSJCJOH UIF JOUFSBDUJPOT CFUXFFO B TQJO BOE B NBHOFUJD ėFME JT B
DPODFQU LOPXOBT UIF SPUBUJOH GSBNFBQQSPYJNBUJPOXIFSF UIFPCTFSWFS JT DPOTJEFSFE UPCFXJUIJO
B SFGFSFODF GSBNF SPUBUJOH BSPVOE UIF !#Ƥ BYJT BU UIF -BSNPS GSFRVFODZ " TQJO QSFDFTTJOH JO UIF
TUBUJD NBHOFUJD ėFME JT UIVT DPOTJEFSFE NPUJPOMFTT UP UIF PCTFSWFS
8JUIJO UIJT GSBNF UIF BQQMJDBUJPO PG B USBOTWFSTF SG NBHOFUJD ėFME #ƥ BU UIF -BSNPS GSFRVFODZ
BQQFBST BT B TUBUJD NBHOFUJD ėFME JO FJUIFS UIF Y PS Z EJSFDUJPOT *O UIF SPUBUJOH GSBNF UIF TQJOT
XJMM BQQFBS UP QSFDFTT BSPVOE UIJT TUBUJD ėFME XJUI UIF SBUF PG SPUBUJPO BOE UIVT BOHMF USBWFSTFE
EFQFOEJOH PO UIF TUSFOHUI PG #ƥ #Z BQQMZJOH B QVMTF PG B DFSUBJO BNQMJUVEF BOE MFOHUI UIF TQJOT
XJMM SPUBUF GSPN UIF [BYJT JOUP UIF YZQMBOF SFTVMUJOH JO B Ӎ/Ʀ QVMTF 	'JH ǊǊǋ	B

 "QQMZJOH B
QVMTF BU EPVCMF UIF MFOHUI PS BNQMJUVEF JOWFSUT UIF NBHOFUJ[BUJPO BMPOH UIF Y BYJT SFTVMUJOH JO B Ӎ
QVMTF 	'JH ǊǊǋ	C


ĉFBYJT PG SPUBUJPOEFQFOET PO UIF SFMBUJWF QIBTFT PG TVDDFTTJWF QVMTFT 5ZQJDBMMZ UIF ėSTU QVMTF
JO UIF TFRVFODF JT EFTJHOBUFE BT B QVMTF SPUBUJOH BSPVOE UIF Y BYJT XJUI Z QVMTFT UIPTF XJUI B Ӎ/Ʀ
ǊǑ
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y
(a) (b)
π
x
π/2x
6B;m`2 kXkXj, TTHB+iBQM Q7  Ӎ/Ʀ TmHb2 `QmM/ i?2 t tBb `Qii2b i?2 K;M2iBxiBQM BMiQ
i?2 t@v THMX  Ӎ TmHb2 BMp2`ib i?2 /B`2+iBQM Q7 i?2 K;M2iBxiBQM
QIBTF TIJě SFMBUJWF UP UIF PSJHJOBM YQVMTF "DDVSBUF DPOUSPM PG UIF QIBTF BMMPXT BO BSCJUSBSZ BYJT PG
SPUBUJPO UP CF EFėOFE
ǊǊǌǊ 5ļĹ /.3 ňĽĻłĵŀ
ĉFBQQMJDBUJPO PG BOZ USBOTWFSTF#ƥ QVMTF BQQMJFE UP BO FOTFNCMF PG OVDMFBS TQJOT DBVTFT B GSBDUJPO
PG UIFNBHOFUJ[BUJPO UP CF SPUBUFE JOUP UIF USBOTWFSTF QMBOF *O UIF MBCPSBUPSZ SFGFSFODF GSBNF UIJT
NBHOFUJ[BUJPO QSFDFTTFT BU UIF -BSNPS GSFRVFODZ BSPVOE UIF [BYJT BOE WJB FMFDUSPNBHOFUJD JO
EVDUJPO UIF QSFDFTTJOHNBHOFUJ[BUJPO XJMM JOEVDF B DVSSFOU JO BO SG DPJM XIJDI TVSSPVOET UIF TBN
QMF ĉJT DVSSFOU DSFBUFT BO PTDJMMBUJOH WPMUBHF BU UIF JOQVU UP UIF SFTPOBOU DJSDVJU UIBU JT UIF TJHOBM
PCTFSWFE JO BO FYQFSJNFOU 	'JH ǊǊǌ	B

 LOPXO BT B GSFF JOEVDUJPO EFDBZ 	'*%
 ĉF 'PVSJFS
USBOTGPSN PG UIJT UJNF EFQFOEFOU TJHOBM TIPXT B QFBL BU UIF SFTPOBOU GSFRVFODZ PG UIF OVDMFVT
	'JH ǊǊǌ	C

Ǳ
Ǳ8F UZQJDBMMZ BDRVJSF UIF TJHOBM TFWFSBM L)[ PĎ UIF SFTPOBOU GSFRVFODZ UP QSFWFOU NJYJOH XJUI UIF %$ DPNQP
OFOU PG UIF TQFDUSVN
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6B;m`2 kXkX9, UV 6`22 BM/m+iBQM /2+v U#V 6Qm`B2` i`Mb7Q`K2/ LJ_ T2FX
ǊǊǌǋ &Ňłňŉ ĵłĻŀĹ ķŃłĸĽŉĽŃł
8IFO UIF TJHOBM UP OPJTF JT QBSUJDVMBSMZ XFBL BOE NVMUJQMF BWFSBHFT BSF SFRVJSFE UIF TJHOBM BD
RVJSFE JO B ėYFE NFBTVSFNFOU QFSJPE DBO CF NBYJNJ[FE CZ BQQMZJOH B TFSJFT PG QVMTFT BU BO BOHMF
һ& XIFSF
DPT(һ&) = F−53/5ƥ , 	Ǌǉǌ

53 JT UIF SFQFUJUJPO UJNF CFUXFFO TVCTFRVFOU QVMTFT BOE 5ƥ JT UIF TQJOMBĨJDF SFMBYBUJPO UJNF PG
UIFNBUFSJBM 	EJTDVTTFE JO UIF GPMMPXJOH TFDUJPO
 ĉJT JT LOPXO BT UIF &SOTU FRVBUJPO XJUI һ& UIF
&SOTU BOHMF *U JT QBSUJDVMBSMZ VTFGVM GPS NFBTVSFNFOUT PG TNBMM TBNQMFT PS XFBL OVDMFBS TQFDJFT
VOEFS IJHI UFNQFSBUVSF #PMU[NBOO DPOEJUJPOT BOE XIFO UIF TQJOMBĨJDF SFMBYBUJPO UJNF JT WFSZ
MPOH
ǊǊǍ 4ńĽł ŇĹŀĵŎĵŉĽŃł
ǊǊǍǉ 4ńĽłŀĵŔĽķĹ 	5ƥ
 ŇĹŀĵŎĵŉĽŃł
ĉF TQJOMBĨJDF SFMBYBUJPO UJNF PS 5ƥ UJNF JT UIF UJNFDPOTUBOU XJUI XIJDI UIF OVDMFBS TQJO SF
UVSOT UP UIFSNBM FRVJMJCSJVNXJUI UIF MBĨJDF GPMMPXJOH B QFSUVSCBUJPO 	'JH ǊǊǍ
 'PS MJRVJET BOE
HBTFT 5ƥ JT UZQJDBMMZ PO UIF PSEFS PG NT UP T CVU JO TPNF NBUFSJBMT TVDI BT TJMJDPO JU NBZ CF VQ
ǋǉ
UP NBOZ IPVST PS FWFO EBZT <ǏǑ> 'PS B IPNPHFOFPVT TZTUFN XIFSF BMM OVDMFJ IBWF UIF TBNF MP
DBM FOWJSPONFOU XJUI UIF TUBUJD ėFME PSJFOUBUFE BMPOH [ˆ UIFSF XJMM CF B TJOHMF WBMVF GPS UIF UJNF
DPOTUBOU BOE UIF NBHOFUJ[BUJPO BMPOH UIF [BYJT.[ XJMM GPMMPX UIF SBUF FRVBUJPO
E.[
EU
=
−(.[ −.Ƥ)
5ƥ
. 	ǊǉǍ

*O DPNQPTJUF NBUFSJBMT XIFSF FBDI TQJO IBT B EJĎFSJOH MPDBM FOWJSPONFOU UIFO UIF 5ƥ PG UIF
CVML JT UIF FOTFNCMF BWFSBHFE 5ƥ PWFS BMM OVDMFJ XJUIJO UIF NBUFSJBM ĉJT NBZ CF EFTDSJCFE CZ B
TJOHMF UJNFDPOTUBOU GPS B EJTUSJCVUJPO PG TQJOT PS CZ B XFJHIUFE TVN PG FYQPOFOUJBMT XIFO UIFSF
BSF NVMUJQMF EJTUJODU CBUIT PG OVDMFJ XJUI EJĎFSFOU TQJO QSPQFSUJFT 'PS JOTUBODF JO TJMJDPO NJDSP
BOE OBOP QBSUJDMFT XF PCTFSWF B CJFYQPOFOUJBM QSPDFTT POF CBUI DPSSFTQPOEJOH UP OVDMFJ JO UIF
ADPSF PG UIF QBSUJDMF BOE BOPUIFS DPSSFTQPOEJOH UP OVDMFJ PO UIF TVSGBDF
'PS B TJOHMF TQJO UIF WBMVF PG 5ƥ JT EFUFSNJOFE CZ UIF TUSFOHUI PG UIF NBHOFUJD JOUFSBDUJPO
PG UIF OVDMFBS TQJO XJUI UIF FOWJSPONFOU BOE IPX FĎFDUJWFMZ UIF FOWJSPONFOU DBO QSPWJEF PS
BCTPSC UIF SFRVJSFE FOFSHZ UP JOEVDF OVDMFBS TQJO ĚJQT /VDMFBS TQJO ĚJQ FWFOUT BSF JOEVDFE CZ
B NBHOFUJD ėFME BU UIF -BSNPS GSFRVFODZ PG UIF TQJO BOE TP GPS UIJT UP PDDVS UIF FOWJSPONFOU
NVTU QPTTFTT B TQFDUSBM DPNQPOFOU BU UIJT GSFRVFODZ <Ǒǌ> ĉF FOWJSPONFOUBM OPJTF SFTVMUT GSPN
UIFNPUJPO PG UIFNBHOFUJD NPNFOU PG PUIFS TQJOT JO UIF TZTUFN FJUIFS CZ TQJO ĚJQĚPQT PS UIFJS
QIZTJDBM NPUJPO ĉJT JT TUPDIBTUJD QSPDFTT XIJDI DBO CF EFTDSJCFE CZ B DPSSFMBUJPO UJNF ӑD XJUI
B SFTVMUJOH GSFRVFODZ TQFDUSVN
+(ӗO) =
ӑD
ƥ+ ӗƦOӑƦD
. 	Ǌǉǎ

'PS B HJWFO -BSNPS GSFRVFODZ ӗO UIF TQFDUSBM GVODUJPO JO &R Ǌǉǎ IBT B NBYJNVN XIFO ӑD =
ӗO ĉVT BOZ NBHOFUJD ėFME XJUIJO UIF FOWJSPONFOU ĚVDUVBUJOH BU UIF OVDMFBS -BSNPS GSFRVFODZ
XJMM JOEVDF TQJO MBĨJDF SFMBYBUJPO
*O MJRVJET UIF SBQJE UVNCMJOH PG NPMFDVMFT BOE CPOE SPUBUJPO SFTVMUT JO B MPDBM ėFME GPS FBDI
TQJO UIBU ĚVDUVBUFT GSPN UIF EJĎFSJOH QPTJUJPOT PG TQJOT XJUIJO UIF TBNF NPMFDVMF PS GPS PUIFS
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6B;m`2 kXkX8, h?2 bTBM HiiB+2 `2HtiBQM Bb i?2 iBK2 7Q` i?2 Mm+H2` bTBM iQ `2im`M iQ i?2`KH
2[mBHB#`BmK 7i2`  T2`im`#iBQM BMiQ i?2 t@v THM2X
NPMFDVMFT *O TFNJDPOEVDUPST TVDI BT TJMJDPO UIFNPWFNFOUPG GSFF FMFDUSPOT BOEIPMFT JO UIF DPO
EVDUJPO CBOE BOE UIFJS BTTPDJBUFE NBHOFUJD NPNFOUT QSPWJEFT B TPVSDF PG UIJT MPDBM ĚVDUVBUJOH
NBHOFUJD ėFME <Ǒǌ> "EEJUJPOBMMZ UIF TQJOT PG ėYFE QBSBNBHOFUJD JNQVSJUJFT PS OFVUSBM EPQBOUT
MPDBUFE BU MBĨJDF EFGFDU TJUFT ĚVDUVBUF SBQJEMZ BOE BSF BNBKPS TPVSDFPG SFMBYBUJPO GPS OFBSCZOVDMFJ
ǊǊǍǊ 4ńĽłňńĽł 	5Ʀ
 ŇĹŀĵŎĵŉĽŃł
ĉF TQJOTQJO SFMBYBUJPO UJNF PS EFDPIFSFODF UJNF JT UIF UJNF TDBMF UP XIJDI UIF USBOTWFSTF DPN
QPOFOU PG UIFNBHOFUJ[BUJPO EFDBZT UP JUT FRVJMJCSJVN WBMVF 	'JH ǊǊǎ
 ĉJT EFDBZ JT DBVTF CZ BO
JOIPNPHFOFPVT NBHOFUJD ėFME PWFS UIF TBNQMF WPMVNF BOE JT EFTDSJCFE CZ
E.Y
EU
= −.Y
5Ʀ
,
E.Z
EU
= −.Z
5Ʀ
. 	ǊǉǏ

*U NBZ CF EJWJEFE JOUP B DPNQPOFOU SFTVMUJOH GSPN JOIPNPHFOFJUJFT JO UIF TUBUJD MPDBM NBHOFUJD
ėFME FOWJSPONFOU UIBU JT SFWFSTJCMF BOENBZ CF SFNPWFE UISPVHI FDIPJOH <ǑǍmǑǏ> BOE B DPNQP
OFOU UIBU JT UJNF EFQFOEFOU TVDI BT UIF NBHOFUJD JOUFSBDUJPO CFUXFFO OVDMFBS TQJOT PS QBSBNBH
OFUJD EFGFDUT BOE UIFSFGPSF OPOSFWFSTJCMF 5∗Ʀ JT UIF SFMBYBUJPO UIBU JODMVEFT UIF SFWFSTJCMF DPN
QPOFOUT XIJMF 5Ʀ JT UIF JOUSJOTJD SFMBYBUJPO PODF BMM SFWFSTJCMF DPNQPOFOUT IBWF CFFO SFNPWFE
ĉF MPDBM ėFME EFUFSNJOFT UIF TIBQF PG UIF SFTPOBODF MJOF 'PS B -PSFOU[JBO MJOF XJUI GVMM XJEUI
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6B;m`2 kXkXe, h?2 bTBM@bTBM `2HtiBQM iBK2 Bb i?2 iBK2 iF2M 7Q` i?2 +Q?2`2M+2 iQ ;Q iQ yX
BU IBMG NBYJNVN PG UIF SFTPOBODF QFBL 	'8).
 5∗Ʀ NBZ CF EFUFSNJOFE CZ
5∗Ʀ =
ƥ
Ӎ '8).
. 	Ǌǉǐ

ǊǊǍǋ 4ńĽłňńĽł ŇĹŀĵŎĵŉĽŃł Ľł ňĽŀĽķŃł
'PS B DSZTUBMMJOF TJMJDPO TBNQMF UIF EJQPMBS ėFME EVF UP UIF OVDMFJ SFTVMUT JO B 5∗Ʀ ∼ Ʀ NT "O VO
VTVBM QIFOPNFOPO IBT CFFO PCTFSWFE CZ #BSSFĨ FU BM <Ǒǐ> GPS EJMVUF Ʀƭ4J OVDMFBS TQJOT JO B DSZT
UBMMJOF MBĨJDF 8IFSFBT VTVBMMZ UIF NBHOFUJ[BUJPO EFDPIFSFT UP [FSP UIFZ PCTFSWF B EFDBZ JO UIF
EFDPIFSFODF UP B TUFBEZ TUBUF 	OPO[FSP
 WBMVF VOEFS UIF BQQMJDBUJPO PG B $BSS1VSDFMM.FJCPPN
(JMM 	$1.(
 QVMTF TFRVFODF (Ӎ/Ʀ)9− [ӑ − (Ӎ):− ӑ− FDIP ]O <Ǒǎ ǑǏ> 8F IBWF BMTP PCTFSWFE
UIJT QIFOPNFOPO JO CPUI #PMU[NBOO QPMBSJ[FE BOE IZQFSQPMBSJ[FE TJMJDPO TBNQMFT 	'JH ǊǊǏ
 JO
UIF CVML BOE PO UIF OBOPTDBMF
ǊǊǎ 4ńĽł ĽłŉĹŇĵķŉĽŃłň
ĉF VOEFSTUBOEJOH PG UIF JOUFSBDUJPO PG FMFDUSPO BOE OVDMFBS TQJOT CFUXFFO FBDI PUIFS BOE UIF
FOWJSPONFOU JT GVOEBNFOUBM UP VOEFSTUBOEJOH UIF QSPDFTTFT PG QPMBSJ[BUJPO BOE SFMBYBUJPO BU UIF
NJDSPTDPQJD MFWFM ĉFQSPDFTTFT BSF TPNFXIBU JOWFSTF UP FBDIPUIFS XJUI UIFNFDIBOJTNTESJWJOH
EFQPMBSJ[BUJPO BMTP BCMF UP ESJWF QPMBSJ[BUJPO
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6B;m`2 kXkXd, GQM;@iBH 2+?Q2b BM bBHB+QM KB+`QT`iB+H2b Q#b2`p2/ mM/2` .LS +QM/BiBQMb mbBM;
 *SJ: TmHb2 b2[m2M+2 7Q` BM+`2bBM; 2+?Q iBK2bX
ǋǍ
ǊǊǎǉ 4ńĽłńļŃłŃł ķŃŊńŀĽłĻ
"DPVTUJD QIPOPOT XIJDI PDDVS EVF UP WJCSBUJPOT JO UIF DSZTUBM MBĨJDF SFTVMU JO B NPEVMBUJPO PG
UIF JOUFSBUPNJD EJTUBODFT CFUXFFO OVDMFJ JO UIF MBĨJDF BOE UIVT QSPEVDF BO PTDJMMBUJOH NBHOFUJD
ėFME ĉF QIPOPOT UIBU IBWF B TQFDUSBM DPNQPOFOU BU UIF OVDMFBS PS FMFDUSPO -BSNPS GSFRVFODZ
XJMM ESJWF TQJO ĚJQT BOE DBVTF SFMBYBUJPO
ĉF SBUF PG EJSFDU TQJOMBĨJDF SFMBYBUJPO GPS UIJT QSPDFTT JT HJWFO CZ <ǐǑ>
5−ƥƥ =
ƩƨӍӊƦ
!ƦӏӊƩƤ
(
ӉƦ#
BƧ
)ƦL#5 	ǊǉǑ

XIFSF ӏ JT UIF NBTT EFOTJUZ ӊ UIF QIPOPO PTDJMMBUPS GSFRVFODZ ӊƤ UIF WFMPDJUZ PG TPVOE JO UIF
DSZTUBM B UIF MBĨJDF TQBDJOH BOE Ӊ# UIF #PIS NBHOFUPO
'SPN UIJT JU GPMMPXT UIBU
5−ƥƥ ∝ #ƦƤ5 	ǊǊǈ

XIFSF #Ƥ JT UIFNBHOJUVEF PG UIF FYUFSOBM ėFME BOE5 JT UIF UFNQFSBUVSF ĉF EJSFDU QSPDFTT JT B
XFBL OVDMFBS SFMBYBUJPO NFDIBOJTN TJODF UIF BDPVTUJD TQFDUSVN PG B TPMJE BU UIF OVDMFBS -BSNPS
GSFRVFODZ 	JO UIF .)[ SFHJNF
 JT XFBL ĉJT JT CFDBVTF BDPVTUJD XBWFT PG UIJT GSFRVFODZ IBWF
MPOH XBWFMFOHUIT JO DPOUSBTU XJUI UIF SFMBUJWFMZ TNBMM EJTQMBDFNFOUT PG BUPNT XJUIJO UIF MBĨJDF
*O BEEJUJPO JO TJMJDPO UIF TQFFE PG TPVOE JT SFMBUJWFMZ IJHI 	ǐ Y ƥƤƧ NT
 BOE UIF ƥ/ӊƩ EFQFOEFODF
PG UIF SFMBYBUJPO SBUF SFTVMUT JO B MPX SFMBYBUJPO SBUF <ǑǑ>
"O JOFMBTUJD TDBĨFSJOH PS 3BNBO QSPDFTT JT BOPUIFS NFDIBOJTN GPS QSPWJEJOH UIF FOFSHZ SF
RVJSFE GPS B TQJO SFMBYBUJPO FWFOU "U UFNQFSBUVSFT MFTT UIBO UIF %FCZF UFNQFSBUVSF 	υ% = ƪƨƩ,
GPS TJMJDPO
 UIF SFMBYBUJPO SBUF EVF UP JOFMBTUJD TDBĨFSJOH QSPDFTTFT JT HJWFO CZ <Ǒǌ>
5−ƥƥ ∝
ƥ
ӏӊƥƤƤ
(
ҼƦ
SƧƤ
)Ʀ(
L#5
I
)ƫ 	ǊǊǉ

ǋǎ
HJWJOH B SFMBYBUJPO SBUF UIBU JT QSPQPSUJPOBM UP UIF NBHOFUJD ėFME BOE UIF TFWFOUI QPXFS PG UIF
UFNQFSBUVSF
"T UIF TDBĨFSJOH QSPDFTT POMZ SFRVJSFT B DIBOHF JO QIPOPO GSFRVFODZ FRVBM UP UIF FMFDUSPO PS
OVDMFBS -BSNPS GSFRVFODZ 	ӗ′R−ӗR = ӗO
 UIF 3BNBO QSPDFTT JT TJHOJėDBOUMZ TUSPOHFS SFMBYBUJPO
NFDIBOJTN GPS FMFDUSPOT JO TJMJDPO SBUIFS UIBO UIF EJSFDU QIPOPO QSPDFTT BU TUBOEBSE NBHOFUJD
ėFMET BOE UFNQFSBUVSFT
ǊǊǎǊ )ŏńĹŇĺĽłĹ ĽłŉĹŇĵķŉĽŃł
ĉF DPOUBDU IZQFSėOF DPVQMJOH JT B TDBMBS DPVQMJOH CFUXFFO B TJOHMF FMFDUSPO!4 BOE OVDMFVT!*XJUI
JUT TUSFOHUI " EFUFSNJOFE CZ UIF PWFSMBQ PG UIF UXP XBWFGVODUJPOT ĉF )BNJMUPOJBO EFTDSJCJOH
UIF TQJO DPNQPOFOU PG UIJT DPVQMJOH IBT UIF GPSN ǲ
)IG = "(!*.!4) = −ƬӍƧ ҽFҽO!Ҿ(S*4)(!*.!4) 	ǊǊǊ

XJUI ҽO BOE ҽF UIF OVDMFBS BOE FMFDUSPO HZSPNBHOFUJD SBUJPT SFTQFDUJWFMZ S* UIF WFDUPS DPO
OFDUJOH UIF QPTJUJPO PG UIF FMFDUSPO XJUI UIF QPTJUJPO PG UIF OVDMFVT BOE BOE Ҿ(S*4) UIF FMFDUSPO
XBWFGVODUJPO BU UIF QPTJUJPO PG UIF OVDMFVT ĉF PQFSBUPS (!*.!4) DBO CF FYQBOEFE JOUP
(!*.!4) = *Y4Y + *Z4Z + *[4[ =
ƥ
Ʀ
(*+4− + *−4+) + *[4[ 	ǊǊǋ

XIFSF4+ = 4Y+J4Z BOE4− = 4Y−J4Z BSF UIF SFTQFDUJWF SBJTJOH BOE MPXFSJOHPQFSBUPST ĉF UFSN
CFUXFFO (*+4−+ *−4+) JOEJDBUFT UIBU UIF DPOUBDU IZQFSėOF JOUFSBDUJPO DBO JOEVDF TJNVMUBOFPVT
ĚJQT PG UIF JOUFSBDUJOH TQJOT JO PQQPTJUF EJSFDUJPO
| ↑↓〉 ↔ | ↓↑〉 	ǊǊǌ

XJUI UIF BSSPX OPUBUJPO SFQSFTFOUJOH |FMFDUSPO TQJO OVDMFBS TQJO〉
ǲXF JHOPSF UIF PSCJUBM DPNQPOFOUT IFSF
ǋǏ
rij
θij
6B;m`2 kXkX3, h?2 bi`2M;i? Q7 i?2 /BTQH2 /BTQH2 +QmTHBM; #2ir22M irQ bTBMb B M/ D Bb BM@
p2`b2Hv /2T2M/2Mi QM i?2 +m#2 Q7 i?2 /BbiM+2 #2ir22M i?2KX
'PS BO T UZQF FMFDUSPO MPDBUFE DPODFOUSJD UP UIF OVDMFVT UIF JOUFSBDUJPO JT JTPUSPQJD BOE TJNQMJ
ėFT UP
Ҿ(S*)(!*.!4) = |Ѓ(Ƥ)|Ʀ 	ǊǊǍ

XIFSF Ӗ(Ƥ) JT UIF FMFDUSPOJD XBWF GVODUJPO OPSNBMJ[FE UP VOJUZ JO BO BUPNJD WPMVNF
ǊǊǎǋ %ĽńŃŀĹĸĽńŃŀĹ ķŃŊńŀĽłĻ
ĉF EJQPMBS DPVQMJOH CFUXFFO UXP TQJOT JT BO JOUFSBDUJPO UIBU BSJTFT EVF UP UIF JOUSJOTJD NBHOFUJD
EJQPMF PG FBDI TQJO 	'JH ǊǊǐ
 ĉF NBHOFUJD NPNFOU PG FBDI TQJO HFOFSBUFT B MPDBM NBHOFUJD
ėFME XIJDI UIF PUIFS TQJO UIFO JOUFSBDUT XJUI TJNJMBS UP JUT JOUFSBDUJPO XJUI UIF NBJO NBHOFUJD
ėFME #Ƥ
ĉF)BNJMUPOJBO EFTDSJCJOH UIF JOUFSBDUJPO CFUXFFO UXP TQJOT *J BOE *K UBLFT UIF GPSN
)EE =
ӉƤ
ƨӍ
∑
J<K
ҽJҽK!
SƧJK
(
*J.*K − Ƨ(*J.SJK)(*K.SJK)SƦJK
)
	ǊǊǎ

XIFSF SJK JT UIF WFDUPS KPJOJOH UIF QPTJUJPO PG UIF TQJO BU MPDBUJPO JXJUI UIF TQJO BU MPDBUJPO K
ǋǐ
ĉF PQFSBUPS JO UIF EJQPMBS )BNJMUPOJBO JT USBEJUJPOBMMZ FYQBOEFE JOUP
*J.*K − Ƨ(*J.SJK)(*K.SJK)SƦJK
= "+ #+ $+ %+ &+ '. 	ǊǊǏ

XIFSF
" ∝ (ƥ− ƧDPTƦӂ)*J[*K[ 	ǊǊǐ

# ∝ (ƥ− ƧDPTƦӂ)(*K+*J− + *K−*J+) 	ǊǊǑ

$ ∝ TJOӂDPTӂFJӓ(*K+*J[ + *K[*J−) 	Ǌǋǈ

% ∝ TJOӂDPTӂFJӓ(*K−*J[ + *K[*J+) 	Ǌǋǉ

& ∝ TJOƦӂF−ƦJӓ*J+*K+ 	ǊǋǊ

' ∝ TJOƦӂFƦJӓ*J−*K− 	Ǌǋǋ

XIFSF UIF QPMBS BOHMFT ӂ BOE ӓ TQFDJGZ UIF PSJFOUBUJPO PG UIF WFDUPS CFUXFFO TQJOT *J BOE *K XJUI
SFTQFDU UP UIF TUBUJD NBHOFUJD ėFME #Ƥ
'SPN UIJT XF DBO TFF UIBU UIF EJQPMBS JOUFSBDUJPO DBO JOEVDF TQJO ĚJQT JO UIF PQQPTJUF EJSFDUJPO
PS JO UIF TBNF EJSFDUJPO
" : | ↑↑〉 ↔ | ↓↓〉 	Ǌǋǌ

ǋǑ
# : | ↑↓〉 ↔ | ↓↑〉 	ǊǋǍ

$ : | ↑↑〉 ↔ | ↑↓〉 	Ǌǋǎ

% : | ↓↑〉 ↔ | ↓↓〉 	ǊǋǏ

& : | ↑↑〉 ↔ | ↓↑〉 	Ǌǋǐ

' : | ↑↓〉 ↔ | ↓↓〉 	ǊǋǑ

'PS B HJWFO FOFSHZ MFWFM !&ƤJ = ҽ!#Ƥ. JO UIF TQJO )BNJMUPOJBO UIFSF BSF NBOZ XBZT JO XIJDI
UIF JOEJWJEVBM WBMVFT PG *J[ = NJ DBO CF BEEFE UP HJWF B UPUBM NBHOFUJ[BUJPO. = ϏNJ "DDPSEJOH
UP ėSTUPSEFS QFSUVSCBUJPO UIFPSZ POMZ UIPTF QBSUT PG UIF QFSUVSCJOH)BNJMUPOJBO UIBU IBWFNBUSJY
FMFNFOUT UIBU EP OPU EJTUVSC UIF UPUBM NBHOFUJ[BUJPO XJMM JOEVDF USBOTJUJPOT XJUIPVU UIF BEEJUJPO
PG FOFSHZ JOUP UIF TZTUFN 'SPN UIF FRVBUJPOT BCPWF XF DBO TFF UIBU POMZ UIF UFSNT " BOE # PG
UIF EJQPMBS)BNJMUPOJBO TBUJTGZ UIJT DPOEJUJPO ĉF UFSN" EFTDSJCFT UIF FĎFDU PG B TUBUJDNBHOFUJD
ėFME PO UIF EJQPMFT XIJMF UIF UFSN # BMMPXT B TJNVMUBOFPVT SFWFSTBM PG UIF UXP TQJOT JO PQQPTJUF
EJSFDUJPOT DPNNPOMZ SFGFSSFE UP UIF ĚJQĚPQ JOUFSBDUJPO ĉF ėSTU IJHIFS PSEFS UFSNT $ BOE %
JOUSPEVDF USBOTJUJPOT CFUXFFO UIF TUBUF ]. BOE TUBUFT |.− ƥ〉 BOE |.+ ƥ〉 SFTQFDUJWFMZ 	 ρ. =
±ƥ
 XIJDI BSF CSPVHIU BCPVU UISPVHI UIF DPVQMJOH PG UIF TQJO TZTUFN UP B SGėFME ĉF & BOE
' UFSNT PG UIF EJQPMBS )BNJMUPOJBO DPSSFTQPOE UP USBOTJUJPOT XJUI ρ. = ±Ʀ XIJDI PDDVS BU B
NVDI TNBMMFS QSPCBCJMJUZ UIBO UIF $ BOE% USBOTJUJPOT
ĉF EJQPMBS DPVQMJOH JT UIF EPNJOBOU DPVQMJOH NFDIBOJTN CFUXFFO OVDMFJ JO TPMJET *O MJRVJET
BOE HBTFT IPXFWFS SBQJE SPUBUJPO PG UIF NPMFDVMFT DBVTFT UIF MPDBM ėFME TFFO CZ B HJWFO TQJO UP
ǌǈ
ĚVDUVBUF SBQJEMZ JO UJNF BWFSBHJOH PVU UIF EJQPMBS JOUFSBDUJPO CFUXFFO TQJOT ĉF TJ[F TDBMF GPS
XIJDI UIF SPUBUJPOBM DPSSFMBUJPO UJNF CFDPNFT SFMFWBOU JT PO UIF PSEFS PG TFWFSBM OBOPNFUFST CVU
JT EFQFOEFOU PO UIF WJTDPTJUZ PG UIFNFEJVN *O"QQFOEJY%XFNPEFM UIF FĎFDU PG SPUBUJPOBM OBS
SPXJOH GPS OBOPQBSUJDMFT PG EJĎFSFOU TJ[FT JO EJĎFSFOU NFEJVNT ĉF MJOF CSPBEFOJOH UIBU PDDVST
XIFO B OBOPQBSUJDMF TUPQT GSFFMZ SPUBUJOH NBZ CF VTFE UP EJSFDUMZ EFUFDU UIF CJOEJOH PG OBOPQBSUJ
DMFT UP MBSHF UBSHFUT TVDI BT DBODFS DFMMT BOE QSPUFJOT
ǊǊǎǌ 4ńĽł ĸĽĺĺŊňĽŃł
4QJO EJĎVTJPO JT B QSPDFTT UIBU BMMPXT UIF USBOTQPSUBUJPO PG OVDMFBS PS FMFDUSPO TQJO QPMBSJ[BUJPO
PWFS NBDSPTDPQJD EJTUBODFT BOE QSPWJEFT B NFDIBOJTN GPS SFMBYBUJPO BOE QPMBSJ[BUJPO GPS OVDMFJ
UIBU BSF MBSHF EJTUBODFT BXBZ GSPN B SFMBYJOH TJUF ĉF DPODFQU XBT ėSTU QSPQPTFE CZ #MPFNCFSHFO
BT B NFDIBOJTN GPS FYQMBJOJOH UIF GBTUFS UIBO FYQFDUFE TQJOMBĨJDF SFMBYBUJPO JO OPODPOEVDUJOH
TPMJET <ǑǑ>
4QJO EJĎVTJPO JT BO FOFSHZ DPOTFSWJOH QSPDFTT UIBU JT NFEJBUFE CZ EJQPMBS ĚJQĚPQ JOUFSBDUJPOT
CFUXFFO OVDMFBS TQJOT 'PS B QBJS PG MJLF TQJOT JO B TUSPOHNBHOFUJD ėFME OPOTFDVMBS UFSNT DBO CF
FYDMVEFE BOE UIF EJQPMBS )BNJMUPOJBO JO &RǊǊǏ SFEVDFT UP
)EE =
ӉƤ
ƨӍ
!ƦҽƦ
∑
J<K
ƥ− ƧDPTƦӂJK
ƦSƧJK
(Ʀ*J[*K[ −
ƥ
Ʀ
*J+*
K
− + *J−*
K
+). 	Ǌǌǈ

ĉJT QSPWJEFT B NFDIBOJTN GPS B TQJO ĚJQĚPQ CFUXFFO OVDMFJ PG UIF TBNF TQFDJFT XJUIPVU MPTT
PG FOFSHZ 4QJO EJĎVTJPO DBO CF NPEFMFE BT B EJĎFSFOUJBM FRVBUJPO TJNJMBS UP UIF DPOEVDUJPO PG
IFBU ĉF SBUF PG DIBOHF JO OVDMFBS QPMBSJ[BUJPO 1(S, U) BU QPTJUJPO S GPS B TQBUJBMMZ JOIPNPHFOFPVT
EJTUSJCVUJPO PG OVDMFBS QPMBSJ[BUJPO EVF UP OVDMFBS TQJO EJĎVTJPO JT HJWFO CZ
(
E1(S, U)
EU
)
EJGG.
=
Ƨ∑
һ,Ҽ=ƥ
%һҼ( ∂
Ʀ
∂Yһ∂YҼ
)1(S, U), 	Ǌǌǉ

ǌǉ
XIFSF %һҼ JT UIF һҼ DPNQPOFOU PG UIF TQJOEJĎVTJPO UFOTPS *G UIF MBĨJDF JT JTPUSPQJD TVDI BT
GPS TJMJDPO EJĎVTJPO XJMM QSPHSFTT FRVBMMZ JO BMM EJSFDUJPOT BOE XF DBO BTTVNF%һҼ = Ƥ GPS һ (= Ҽ
BOE%ƥ,ƥ = %Ʀ,Ʀ = %Ƨ,Ƨ = % ĉJT FRVBUJPO UIFO TJNQMJėFT UP
(
E1(S, U)
EU
)EJGG. = %∇Ʀ1 	ǊǌǊ

'PS B EJBNPOE MBĨJDF TVDI BT TJMJDPO UIF EJĎVTJPO DPOTUBOU JT XFMM EFTDSJCFE CZ <ǉǈǈ>
% = 8BƦ = B
Ʀ
ƩƤ5ƦO
	Ǌǌǋ

XIFSF8 JT UIF QSPCBCJMJUZ PG B ĚJQĚPQ USBOTJUJPO CFUXFFOOVDMFJ EVF UP EJQPMFEJQPMF JOUFSBDUJPO
B JT UIF EJTUBODF CFUXFFO OFBSFTU OFJHICPS OVDMFJ BOE 5ƦO UIF OVDMFBS EFDPIFSFODF UJNF <ǉǈǈ>
*G UIF FYUFSOBM NBHOFUJD ėFME #Ƥ JT HSFBUFS UIBO OVDMFBS EJQPMBS ėFME
#O,EE ∼ ӉƤӉO/(ƨӍBƧ), 	Ǌǌǌ

UIJT SBUF JT JOEFQFOEFOU PG NBHOFUJD ėFME BOE UFNQFSBUVSF <Ǒǌ> ĉF OVDMFBS EJQPMBS ėFME GPS OBU
VSBM BCVOEBODF TJMJDPO JT #O,EE = Ƥ.ƤƬN5 XIJDI JT BQQSPYJNBUFMZ FRVBM UP UIF FBSUIT NBHOFUJD
ėFME "U TVDI FYUSFNFMZ MPXėFMET 	#Ƥ < #O,EE
 TQJO USBOTJUJPOT DPSSFTQPOEJOH UP UIF OPOTFDVMBS
DPNQPOFOUT PG UIF EJQPMBS )BNJMUPOJBO XJMM PDDVS 	UIBU BSF GPSCJEEFO BU IJHIFS ėFMET CZ UIF DPO
TFSWBUJPOPG OVDMFBS;FFNBOFOFSHZ
 BOEOVDMFBS TQJO SFMBYBUJPOXJMM PDDVS BT GBTU BT EFDPIFSFODF
ǊǊǎǍ 4ńĽł ĸĽĺĺŊňĽŃł ĶĵŇŇĽĹŇ
"U IJHI NBHOFUJD ėFMET OVDMFBS TQJO EJĎVTJPO EFTDSJCFE JO &R Ǌǌǈ JT BO FOFSHZ DPOTFSWJOH QSP
DFTT BOE IFODF UIF ;FFNBO FOFSHJFT PG UIF UXP TQJOT *J BOE *K NVTU NBUDI GPS TQJO EJĎVTJPO UP
PDDVS 'PS B TZTUFN PG OVDMFBS TQJO XJUI ėYFE QBSBNBHOFUJD JNQVSJUJFT EJTQFSTFE BNPOHTU UIFN
UIF QBSBNBHOFUJD JNQVSJUZ DSFBUFT B MBSHF NBHOFUJD ėFME HSBEJFOU DMPTF UP JU BOE UIFSFGPSF OVDMFJ
ǌǊ
b6B;m`2 kXkXN, aTBM /BzmbBQM #``B2`X h?2 H`;2 K;M2iB+ }2H/ ;`/B2Mi bm``QmM/BM;  T`K@
;M2iB+ BKTm`Biv `2bmHib BM M2`#v Mm+H2B ?pBM; /Bz2`2Mi w22KM 2M2`;B2bX AMbB/2 i?Bb `2;BQM-
bTBM /BzmbBQM Bb bmTT`2bb2/X
OFBSCZ XJMM IBWF TJHOJėDBOUMZ EJĎFSFOU ;FFNBO FOFSHJFT *OTJEF UIJT SFHJPO LOPXO BT UIF TQJO
EJĎVTJPO CBSSJFS TQJO EJĎVTJPO JT TVQQSFTTFE 	'JH ǊǊǑ

ĉF TQJO EJĎVTJPO CBSSJFS XBT EFėOFE CZ,IVUTJTIWJMJ BT UIF EJTUBODF C GSPN UIF QBSBNBHOFUJD
JNQVSJUZ BU XIJDI UIF EJĎFSFODF PG UIF IZQFSėOFTIJěFE ;FFNBO GSFRVFODJFT PG UXP OFJHICPSJOH
OVDMFJ JT FRVBM UP UIF EJQPMBS CSPBEFOFE /.3 MJOF XJEUI <ǉǈǈ>
C = (
ҽF
ҽO
)һ, 	ǊǌǍ

GPS !ҽF#Ƥ > ƦL#5 PS
C = (
!ҽƦF#Ƥ
ҽOƦL#5
)һ, 	Ǌǌǎ

GPS !ҽF#Ƥ < ƦL#5XIFSF һ ∼ ƥ/ƨ
'PS QBSBNBHOFUJD EFGFDUT JO TJMJDPO BU ǋǈǈ , UIF TQJO EJĎVTJPO CBSSJFS JT PG PSEFS ǉǍ ON
ǌǋ
Lattice
Nuclear 
Dipolar
Electron 
Dipolar
Nuclear 
Zeeman
Electron 
Zeeman
Electron-nuclear dipole-dipole
Two-electron-nucleus dipole-dipole
Contact hyperfine
Spin Diffusion
6B;m`2 kXjXR, aTBM `2HtiBQM T`Q+2bb2b BM bBHB+QMX
Ǌǋ .ĽķŇŃňķŃńĽķ ŋĽĹŌ Ńĺ ňńĽł ŇĹŀĵŎĵŉĽŃł Ľł ňĽŀĽķŃł
ĉF Ʀƭ4J TQJO SFMBYBUJPO QSPDFTT JO TJMJDPO DBO CF ESJWFO CZ B OVNCFS PG NFDIBOJTNT EFQFOEJOH
PO UIF NJDSPTDPQJD TUSVDUVSF PG UIF NBUFSJBM 	'JH Ǌǋǉ
 "T UIF QIPOPO DPVQMJOH CFUXFFO UIF
Ʀƭ4J OVDMFJ BOE UIF MBĨJDF JT XFBL OVDMFBS TQJO SFMBYBUJPO JT NFEJBUFE CZ FMFDUSPO SFMBYBUJPO QSP
DFTTFT 'PS B TZTUFN UIBU JT IJHIMZ EPQFE PS XIFSF UIFSF JT B IJHI DPODFOUSBUJPO PG UIFSNBMMZ PS
FYDJUFE DBSSJFST UIF DPOUBDU IZQFSėOF JOUFSBDUJPO QSPWJEFT UIF QSJNBSZNFDIBOJTN GPS SFMBYBUJPO
'PSNPSF QVSF TBNQMFT IPXFWFS SFMBYBUJPOXJMM CF ESJWFO CZ DPOUSJCVUJPOT GSPNEJĎVTJPO MJNJUFE
SFMBYBUJPO BOE EJSFDU SFMBYBUJPO UP ėYFE QBSBNBHOFUJD EFGFDUT TVDI BT JNQVSJUJFT PS WBDBODJFT JO
UIF DSZTUBM MBĨJDF
ǌǌ
Ǌǋǉ /ŊķŀĹĵŇ ŇĹŀĵŎĵŉĽŃł Ķŏ ķŃłĸŊķŉĽŃł ĹŀĹķŉŇŃłň
ĉF DPOUBDU IZQFSėOF JOUFSBDUJPO DBO JOEVDF BO FMFDUSPOOVDMFVT TQJO ĚJQ XJUI UIF FOFSHZ SF
RVJSFE GPS UIJT ĚJQ SFTVMUJOH GSPN B DIBOHF JO UIF ;FFNBO FOFSHJFT !(ӗF − ӗO) QSPWJEFE CZ B
DIBOHF JO UIF LJOFUJD FOFSHZ PG UIF FMFDUSPO "T FMFDUSPOT PCFZ 'FSNJ TUBUJTUJDT NPTU DPOEVDUJPO
FMFDUSPOT DBOOPU UBLF PS HJWF VQ UIJT FOFSHZ EVF UP UIF 1BVMJ FYDMVTJPO QSJODJQMF 0OMZ UIF GSBDUJPO
L#5/&' PO UPQ PG UIF 'FSNJ EJTUSJCVUJPO DPOUSJCVUFT UP UIF OVDMFBS SFMBYBUJPO QSPDFTT XIFSF &'
JT UIF FMFDUSPO 'FSNJ FOFSHZ
ĉF ėFME QSPWJEFE CZ UIF DPOEVDUJPO FMFDUSPO BU UIF OVDMFVT DBO CF DPOTJEFSFE BT B ĚVDUVBUJOH
MPDBM ėFME PO UIF UJNFTDBMF ӑD BT EFTDSJCFE JO &R Ǌǉǎ "TTVNJOH POF DPOEVDUJPO FMFDUSPO QFS
BUPN UIF UJNFTDBMF GPS ӑD XJMM CF BQQSPYJNBUFMZ UIF UJNF UIF FMFDUSPO TQFOET MPDBMJ[FE PO B HJWFO
BUPN∼ !&' 
ĉF PSEFS PG NBHOJUVEF QSPCBCJMJUZ PG UIJT JOUFSBDUJPO UBLJOH QMBDF DBO CF FTUJNBUFE CZ <Ǒǌ>
5−ƥƥ = |)ƦIG|
!
&'
L#5
&'
= (
ƬӍ
Ƨ
)ƦҽƦFҽ
Ʀ
O!
Ƨ|Ӗ(Ƥ)|ƨ L#5
&'
	ǊǌǏ

'PS B OPOTQIFSJDBM 'FSNJ TVSGBDF GPS FYBNQMF GPS IPMFT XIJDI IBWF B QUZQF XBWF GVODUJPO XF
NVTU SFQMBDF |Ӗ(Ƥ)|ƨ CZ |ӖL(Ƥ)|Ʀ.|ӖL′(Ƥ)|Ʀ
'PS B DPODFOUSBUJPO PG NPCJMF DBSSJFST/Ƥ #MPFNCFSHFO DBMDVMBUFE UIJT UP CF <ǉǈǉ>
5−ƥƥ,DBSSJFST = ƬӍƦI−ƨNƧ/ƦEƪ/Ƥ(ƧL#5)ƥ/Ʀ"Ʀ, 	Ǌǌǐ

XIFSF E JT BWFSBHF TFQBSBUJPO CFUXFFO EPQBOU BUPNT BOE " JT UIF TUSFOHUI PG UIF IZQFSėOF
DPVQMJOH XIJDI JT QSPQPSUJPOBM UP UIF JOUFOTJUZ PG UIF DBSSJFST XBWFGVODUJPO BU UIF OVDMFBS TJUF
ĉJT SBUF BTTVNFT UIBU UIF OVDMFJ BSF TQJOǉǊ BOE UIF FYQFSJNFOU JT CFJOH DBSSJFE PVU BU IJHI
ėFMET BOE UIBU UIF FMFDUSPO SFMBYBUJPO UJNF5ƥF JT TVđDJFOUMZ TIPSU TVDI UIBU UIF FMFDUSPO TQJOT BSF
XFMM UIFSNBMJ[FE XJUI UIF MBĨJDF BOE UIF UFNQFSBUVSF JT TVđDJFOUMZ IJHI TVDI UIBU UIF FMFDUSPOJD
ǌǍ
;FFNBO FOFSHZ JT TNBMMFS UIBO L#5
ǊǋǊ /ŊķŀĹĵŇ ŇĹŀĵŎĵŉĽŃł Ķŏ ĺĽŎĹĸ ĽŁńŊŇĽŉĽĹň
'PS B TZTUFN XJUIPVU NPCJMF DBSSJFST UIF SBUF PG DIBOHF PG UIF OVDMFBS QPMBSJ[BUJPO DBO CF EF
TDSJCFE CZ DPOUSJCVUJPOT GSPN EJSFDU SFMBYBUJPO CZ MPDBMJ[FE QBSBNBHOFUJD JNQVSJUJFT BOE EFQP
MBSJ[BUJPO CZ OVDMFBS TQJO EJĎVTJPO CZ
E1(S, U)
EU
=
(
E1(S, U)
EU
)
EJGG.
+
(
E1(S, U)
EU
)
EJSFDU
. 	ǊǌǑ

ĉF DPOUSJCVUJPO GSPNEJSFDU SFMBYBUJPO PG UIF OVDMFBS TQJOT UP CZ QBSBNBHOFUJD EFGFDUT JT HJWFO
CZ
(
E1(S, U)
EU
)
EJSFDU
=
1Ƥ − 1(S, U)
5ƥO,EJSFDU(S)
, 	ǊǍǈ

XIFSF
5ƥO,EJSFDU(S)−ƥ =
$+ ,
|3− S|ƪ 	ǊǍǉ

)FSF |3− S| JT UIF EJTUBODF PG UIF OVDMFBS TQJO QBDLFU GSPN UIF QBSBNBHOFUJD EFGFDU BOE$ BOE
, UIF DPOTUBOUT EFTDSJCJOH UIF TUSFOHUIT PG UIF JOUFSBDUJPO CFUXFFO B OVDMFBS TQJO BOE POF PS UXP
FMFDUSPO TQJOT SFTQFDUJWFMZ
8F DBO EFėOF B EJĎVTJPO SBEJVT Ҽ UIBU EFTDSJCFT UIF DSPTTPWFS SFHJPO CFUXFFOEJSFDU SFMBYBUJPO
EPNJOBUJOH 	S< Ҽ
 BOE TQJO EJĎVTJPO EPNJOBUJOH 	S > Ҽ
 UIF SFMBYBUJPO QSPDFTT <ǉǈǈ> Ҽ DBO CF
JOUFSQSFUFE BT UIF EJTUBODF GSPN UIF QBSBNBHOFUJD JNQVSJUZ VQ UP XIFSF EJSFDU OVDMFBS SFMBYBUJPO
ǌǎ
R
β
b
Di!usion limited
Direct
Di!usion
Barrier
6B;m`2 kXjXk, aTBM /BzmbBQM `/BmbX  /BzmbBQM `/Bmb Ҽ /2b+`B#2b i?2 +`QbbQp2` #2ir22M
/B`2+i `2HtiBQM /QKBMiBM; Qp2` bTBM /BzmbBQM K2/Bi2/ `2HtiBQMX
JT FĎFDUJWF BOE JT HJWFO CZ
Ҽ = ($+ ,
%
)
Ƨ
ƨ . 	ǊǍǊ

5ZQJDBMMZ JO TJMJDPO UIF EJĎVTJPO SBEJVT Ҽ JT UXP UP UISFF PSEFST PG NBHOJUVEF MBSHFS UIBO UIF
EJĎVTJPO CBSSJFS C
ǊǋǊǉ 3ĹŀĵŎĵŉĽŃł ŋĽĵ ĹŀĹķŉŇŃłłŊķŀĹĵŇ ĸĽńŃŀĵŇ ĽłŉĹŇĵķŉĽŃłň
"O FMFDUSPO SFMBYJOH UP UIF MBĨJDF CZ B5ƥF QSPDFTT XJMM BMTP IBWF B EJQPMBS JOUFSBDUJPOXJUI B OFBSCZ
OVDMFBS TQJO ĉFEJQPMBS UFSNT HJWFOCZ&R Ǌǋǈ BOE&R Ǌǋǉ JO UIF EJQPMBS FYQBOTJPO GPS UIJT TJO
HMF FMFDUSPO BOE OVDMFVT TZTUFN IBWF DPNQPOFOUT 4[*+ UIBU MFBET UPNJYJOH PG UIF XBWF GVODUJPOT
UIBU NBZ JOEVDF B OVDMFBS TQJO ĚJQ VOBDDPNQBOJFE CZ BO FMFDUSPO TQJO ĚJQ ĉJT QSPDFTT SFRVJSFT
BO FOFSHZ !ӗO UIBU JT NVDI TNBMMFS UIBO UIF FOFSHZ !(ӗF ± ӗO) JOWPMWFE JO UIF PUIFS QSPDFTT JO
UIF EJQPMBS FYQBOTJPO
ĉF SBUF UIBU UIJT USBOTJUJPO PDDVST XJMM CF QSPQPSUJPOBM UP UIF TRVBSF PG UIF DPFđDJFOUT JO &R
ǌǏ
Ǌǋǈ BOE &R Ǌǋǉ
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"WFSBHJOH PWFS UIF BOHVMBS EFQFOEFODF XF DBO TJNQMJGZ UIJT 	GPS B TQJOǉǊ TZTUFN TVDI BT
TJMJDPO
 UP CF
5−ƥƥ,ƥF =
$
Sƪ
	ǊǍǌ

XIFSF
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ǊǋǊǊ 3ĹŀĵŎĵŉĽŃł ŋĽĵ ĹŀĹķŉŇŃłĹŀĹķŉŇŃł ĸĽńŃŀĵŇ ĽłŉĹŇĵķŉĽŃłň
'PS TBNQMFT XJUI B IJHI DPODFOUSBUJPO PG FMFDUSPOJD EFGFDUT B HGBDUPS BOJTPUSPQZ XJMM FYJTU JO UIF
&43 MJOF H(ӗ) UIBU SFTVMUT JO JOIPNPHFOFPVT CSPBEFOJOH " DPOTFRVFODF PG UIJT JT UIBU UIFSF BSF
NBOZFMFDUSPOTXJUI B SBOHFPG EJĎFSFOU HGBDUPST JO UIF TBNQMF BOE UIF&43 MJOF DBOCF DPOTJEFSFE
UP CFNBEF VQPG B OVNCFS PG TQJOQBDLFUT FBDI PG JOUSJOTJDXJEUI5−ƥƦF 	'JH Ǌǋǋ
 ĉFTF FMFDUSPOT
BSF TUSPOHMZ EJQPMBS TQJO DPVQMFE XIJDI NFBOT UIBU UIFZ FRVJMJCSBUF UP UIF TBNF QPMBSJ[BUJPO PS
FĎFDUJWF TQJO UFNQFSBUVSF BDSPTT UIF TBNQMF
1SPWJEFE UIF CSPBEFOJOH PG UIF &43 MJOF JT TVđDJFOUMZ HSFBUFS UIBO UIF OVDMFBS -BSNPS GSF
RVFODZ XJUIJO UIF TBNQMF UIFSF XJMM CF TFQBSBUFE FMFDUSPOT UIBU EJĎFS JO GSFRVFODZ CZ UIF OVDMFBS
-BSNPS GSFRVFODZ <ǉǈǊ> ĉFTF FMFDUSPOT DBO QFSGPSN B ĚJQĚPQ ZJFMEJOH BO FOFSHZ RVBOUVN
!(ӗFƥ−ӗFƦ) = !ӗO ĉJT ĚJQ ĚPQ CFUXFFO UIF QBJS DSFBUFT B ĚVDUVBUJOHNBHOFUJD ėFME XIJDI DBO
JO UVSO JOEVDF B OVDMFBS USBOTJUJPO
*G UIF UJNF TDBMF GPS UIJT ĚJQĚPQ JOUFSBDUJPO XJUIJO UIF FMFDUSPO TZTUFN 	5ƦF
 JT TVđDJFOUMZ GBTU
ǌǐ
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6B;m`2 kXjXj, aTBM T+F2i /2b+`BTiBQM Q7 BM?QKQ;2M2Qmb 1a_ HBM2bX
B UIFSNBM FRVJMJCSJVN XJMM CF FTUBCMJTIFE XJUIJO UIJT TZTUFN BOE UIF FMFDUSPO TQJOTQJO SFMBYBUJPO
UJNF5ƦF SBUIFS UIBO5ƥFXJMM BQQSPYJNBUF UIF DPSSFMBUJPO UJNF PG UIF MPDBM ėFMET FYQFSJFODFE CZ UIF
OVDMFJ <ǉǈǋ> ĉJT FTUBCMJTIFT B DPVQMJOH CFUXFFO UIF CFUXFFO UIF OVDMFBS ;FFNBO SFTFSWPJS BOE
UIF MBĨJDF WJB UIF FMFDUSPO EJQPMBS SFTFSWPJS 	'JH Ǌǋǉ
 /VDMFBS SFMBYBUJPO DBO UIFSFGPSF PDDVS BT
UIF FMFDUSPO EJQPMBS SFTFSWPJS SFMBYFT UP UIF MBĨJDF BU B SBUF 5ƥF ĉF SBUF PG OVDMFBS SFMBYBUJPO JO
EVDFE CZ UIFSNBM DPOUBDU CFUXFFO UIF OVDMFBS ;FFNBO BOE UIF FMFDUSPO EJQPMFEJQPMF JOUFSBDUJPO
SFTFSWPJST JT DIBSBDUFSJ[FE CZ UIF SBUF 5−ƥƥ,ƦF XIJDI JT HJWFO CZ <ǉǈǋ>
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,
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BOE H(ӗ) UIF OPSNBMJ[FE FMFDUSPO BCTPSQUJPO MJOF TIBQF GVODUJPO ĉF JOUFHSBM JO UBLFT JOUP
BDDPVOU UIF GBDU UIBU UIF -BSNPS GSFRVFODJFT PG UIF UXP FMFDUSPOT QFSGPSNJOH UIF ĚJQĚPQ IBWF
UP EJĎFS CZ ӗO UP DBVTF B OVDMFBS TQJO ĚJQ 'VSUIFS JU JT FWJEFOU UIBU UIF DPVQMJOH CFUXFFO UIF
OVDMFBS ;FFNBO BOE UIF FMFDUSPO EJQPMFEJQPMF JOUFSBDUJPO SFTFSWPJST JT TUSPOHMZ ėFMEEFQFOEFOU
JG ӗO5TTƦƦF * ƥ BOE TUSPOHMZ ėFME JOEFQFOEFOU JG ӗO5TTƦƦF + ƥ
ǌǑ
Ǌǌ %ŏłĵŁĽķ łŊķŀĹĵŇ ńŃŀĵŇĽŐĵŉĽŃł Ľł ňĽŀĽķŃł
%ZOBNJD OVDMFBS QPMBSJ[BUJPO DBO CF DPOTJEFSFE BT BO JOWFSTF QSPDFTT UP UIF SFMBYBUJPO QSPDFTTFT
EFTDSJCFE JO 4FDUJPO Ǌǋ XJUI DPOUSJCVUJPOT GSPN EJSFDU BOE EJĎVTJPO NFEJBUFE OVDMFBS QPMBSJ[B
UJPO CVU XJUI UIF BEEFE FĎFDU PG B UFSN UIBU EFTDSJCFT UIF SFMBYBUJPO PG UIF OVDMFBS QPMBSJ[BUJPO
DBVTFE CZ JOBDUJWF EFGFDUT
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ĉF SFMBUJWF DPOUSJCVUJPOT PG UIFTF UFSNT EFQFOET PO UIF OBUVSF PG UIF TBNQMF XJUI UIF EJSFDU
QPMBSJ[BUJPO NFDIBOJTN EFUFSNJOFE CZ POF PG UISFF NFDIBOJTNT EFTDSJCFE CFMPX 	'JH ǊǌǍ

Ǌǌǉ %/1 ŋĽĵ ŉļĹ ķŃłŉĵķŉ ļŏńĹŇĺĽłĹ ĽłŉĹŇĵķŉĽŃł Ľł ļĽĻļŀŏ ĸŃńĹĸ ŁĵŉĹŇĽĵŀň  5ļĹ
0ŋĹŇļĵŊňĹŇ &ĺĺĹķŉ
ĉF0WFSIBVTFS FĎFDUXBT UIFPSFUJDBMMZ QSFEJDUFE JOǉǑǍǋCZ"MCFSU0WFSIBVTFS <ǉǈǌ> BOEEFNPO
TUSBUFE ėSTU JO NFUBMT CZ $BSWFS BOE 4MJDIUFS JO ǉǑǍǎ <ǉǈǍ> ĉF FĎFDU BSJTFT GSPN UIF DPOUBDU
IZQFSėOF JOUFSBDUJPO CFUXFFO FMFDUSPOT BOE OVDMFJ JG 	PQQPTFE UP UIF TJUVBUJPO GPS SFMBYBUJPO EF
TDSJCFE BCPWF
 UIF FMFDUSPO TQJOT BSF OPU JO FRVJMJCSJVN XJUI UIF MBĨJDF GPS JOTUBODF JG UIFZ BSF
CFJOH ESJWFO CZ B SFTPOBOU SG ėFME
'PS B TZTUFN PG TQJOQPMBSJ[FE DPOEVDUJPO FMFDUSPOT JO B NBHOFUJD ėFME UIFJS EJTUSJCVUJPO XJMM
GPMMPX B 'FSNJ GVODUJPO
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XIFSF&±' BSF UIF 'FSNJ FOFSHJFT PG UIF UXPPSJFOUBUJPOT PG UIF FMFDUSPO TQJO BOE& JT UIF LJOFUJD
FOFSHZ PG UIF FMFDUSPOT 4BUVSBUJOH UIF FMFDUSPO TQJO USBOTJUJPO BU B GSFRVFODZ ӗF DPSSFTQPOET UP
G+ = G− PS &
+
' − &−' = !ӗF 
Ǎǈ
Lattice
Nuclear 
Dipolar
Electron 
Dipolar
Nuclear 
Zeeman
Electron 
Zeeman
Solid Effect
Thermal Mixing
Overhauser Effect
Spin Diffusion
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?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H JBtBM;X SQH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iBQM Q7 /BbiMi Mm+H2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` bTBM /BzmbBQMX
Ǎǉ
"TTVNJOH UIBU UIFSF JT TUSPOH DPVQMJOH CFUXFFO UIF FMFDUSPOJD BOE OVDMFBS ;FFNBO TQJO CBUIT
UIF TUFBEZ TUBUF SBUJP PG UIF QPQVMBUJPO PG OVDMFJ JO UIF TQJO VQ TUBUF O+ DPNQBSFE UP UIF TQJO EPXO
TUBUF O− JT <Ǒǌ>
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'PS FMFDUSPOT JO UIFSNBM FRVJMJCSJVN &+' = &−' BOE UIJT SBUJP JT FRVBM UP UIF #PMU[NBOO SBUJP
FYQ(−!ӗOL#5 ) 6OEFS DPOUJOVPVT ESJWJOH PG UIF FMFDUSPO TQJO TZTUFN BU GSFRVFODZ ӗF UIF FMFDUSPO
QPMBSJ[BUJPO HPFT UP [FSP 	&+' − &−' = !ӗF
 BOE UIF OVDMFBS QPMBSJ[BUJPO XJMM CF FOIBODFE CZ
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'PS JODPNQMFUF TBUVSBUJPO PG UIF FMFDUSPO TQJO TZTUFN 	GPS JOTUBODF BU MPXNJDSPXBWF QPXFST

B TBUVSBUJPO QBSBNFUFS T JT JODMVEFE 	ǈT ǉ
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ĉF TBUVSBUJPO GBDUPS XBT EFėOFE BT <ǉǈǍ>
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Ʀ
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XIFSF #ƥ JT UIF BNQMJUVEF PG UIF ESJWJOH NJDSPXBWF ėFME
*O TJMJDPO %/1 PG Ʀƭ4J OVDMFJ CZ UIF 0WFSIBVTFS FĎFDU IBT CFFO EFNPOTUSBUFE JO 1EPQFE TJMJ
DPO EPQFE XFMM BCPWF UIF NFUBM JOTVMBUPS USBOTJUJPO XIFSF UIF FMFDUSPO TZTUFN DPMMBQTFT JOUP BO
FYDIBOHF OBSSPXFE MJOF <ǉǈǎ> BOE JO TJMJDPO EPQFE XJUI 1 BOE 4C KVTU CFMPX UIF NFUBMJOTVMBUPS
USBOTJUJPO BU MPX UFNQFSBUVSFT BOE IJHI NJDSPXBWF QPXFST <ǉǈǏ> *OTUFBE PG EPQJOH UIF DBSSJFST
DBO CF HFOFSBUFE CZ BQQMZJOH BCPWF CBOE HBQ PQUJDBM JSSBEJBUJPO ĉJT IBT CFFO VTFE GPS IZQFSQP
MBSJ[BUJPO PG Ʀƭ4J OVDMFJ <ǐǋ> BOE Ƨƥ1 OVDMFJ JO QIPTQIPSVT EPQFE TJMJDPO <ǉǈǐ>
ǍǊ
ǊǌǊ %/1 ŋĽĵ ĽňŃŀĵŉĹĸ ńĵŇĵŁĵĻłĹŉĽķ ĽŁńŊŇĽŉĽĹň  5ļĹ 4ŃŀĽĸ &ĺĺĹķŉ
%/1NBZ CF BMTP HFOFSBUFE CZ B EJQPMBS JOUFSBDUJPO CFUXFFO BO FMFDUSPO BOE B OVDMFVT JO B TJN
JMBS OBUVSF UP UIF SFMBYBUJPO NFDIBOJTNT EFTDSJCFE JO 4FDUJPO ǊǋǊǉ 8IFO UIF TZTUFN DPOTJTUT
PG B EJMVUF CBUI PG JTPMBUFE FMFDUSPOJD EFGFDUT UIF NFDIBOJTN JT B EJQPMBS JOUFSBDUJPO CFUXFFO B
TJOHMF FMFDUSPO BOE TJOHMF OVDMFBS TQJO " TDIFNBUJD EJBHSBN PG UIF FOFSHZ MFWFMT PG UIF JTPMBUFE
FMFDUSPOOVDMFVT TZTUFN JT TIPXO JO 'JH ǊǌǊ *O B IJHI NBHOFUJD ėFME BOE BU MPX UFNQFSBUVSFT
UIF FMFDUSPO TQJO CBUI CFDPNFT IJHIMZ QPMBSJ[FE XIJMF UIF OVDMFBS TQJO CBUI SFNBJOT SFMBUJWFMZ
VOQPMBSJ[FE ĉF TZTUFN SFNBJOT QPQVMBUFE JO UIF CPĨPN UXP TUBUFT 		*
	**
 JO 'JH ǊǌǊ
 ĉF
EJQPMBS JOUFSBDUJPOT JO &R ǊǊǐ BOE &R ǊǊǑ QFSNJUT TJNVMUBOFPVT SFWFSTBMT PG UIF FMFDUSPO BOE
OVDMFBS TQJOT JO PQQPTJUF EJSFDUJPOT 	ĚJQĚPQT
 		*
	*7
 JO 'JH ǊǌǊ
 BT XFMM BT SFWFSTBMT JO UIF
TBNF EJSFDUJPO 	ĚJQĚJQT
 		**
	***
 JO 'JH ǊǌǊ
 ĉFTF TJNVMUBOFPVT ĚJQĚJQ SFWFSTBMT SFRVJSF
UIF UPUBM FOFSHZ PG UIF TQJO TZTUFN UP DIBOHF CZ!(ӗF±ӗO) BOE UIF QSPDFTTXJMM OPU PDDVSXJUIPVU
UIF NJTTJOH FOFSHZ CFJOH TVQQMJFE CZ UIF NJDSPXBWF ėFME 1SPWJEFE UIBU UIF FMFDUSPO MJOFXJEUI
(5∗ƦF)−ƥ JT NVDI TNBMMFS UIBO UIF OVDMFBS -BSNPS GSFRVFODZ (5∗ƦF)−ƥ + ӗO UIF BQQMJDBUJPO PG BO
BMUFSOBUJOH ėFME XJUI GSFRVFODJFT ӗF − ӗO XJMM DBVTF BO FMFDUSPOOVDMFBS ĚJQĚPQ 	'JH ǊǌǊ 	B


UIBU SFTVMUT JO QPMBSJ[BUJPO PG UIF OVDMFBS TQJO CBUI XJUIPVU DBVTJOH BO FRVJWBMFOU ĚJQĚJQ 	XIJDI
XJMM CF PĎ SFTPOBODF
 -JLFXJTF UIF BQQMJDBUJPO PG BO BMUFSOBUJOH ėFME XJUI GSFRVFODJFT ӗF + ӗO
XJMM DBVTF BO FMFDUSPOOVDMFBS ĚJQĚJQ XJUI ĚJQĚPQT PĎ SFTPOBODF UIBU SFTVMUT JO EFQPMBSJ[BUJPO
PG UIF OVDMFBS TQJO CBUI 	'JH ǊǌǊ 	C

 "T MPOH BT UIF FMFDUSPO TQJO MBĨJDF SFMBYBUJPO UJNF JT
NVDI GBTUFS UIBO UIF OVDMFBS TQJO MBĨJDF SFMBYBUJPO UJNF 	5−ƥƥF * 5−ƥƥO 
 B TJOHMF FMFDUSPO DBO ESJWF
NVMUJQMF OVDMFBS QPMBSJ[BUJPO FWFOUT BOE B TJ[BCMF OVDMFBS QPMBSJ[BUJPO DBO HFU CVJMU VQ 'PS B NJ
DSPXBWF ėFME XJUI BNQMJUVEF Ʀ#ƥ BOE GSFRVFODZ ӗ∗ UIF QSPCBCJMJUZ PG BO FMFDUSPO TQJO USBOTJUJPO
TJNVMUBOFPVTMZ BDDPNQBOJFE CZ B OVDMFBS TQJO USBOTJUJPO JT
π± =
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Ʀ
ҽF#
Ʀ
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6B;m`2 kX9Xk, .LS #v i?2 aQHB/ 1z2+i
XIFSF H(ӗ− ӗ∗) JT UIF OPSNBMJ[FE TIBQF PG UIF FMFDUSPO TQJO SFTPOBODF MJOF
1SPWJEFE UIBU UIJT ESJWJOH QSPDFTT IBQQFOT NVDI GBTUFS UIBO UIF UJNF TDBMF GPS OPOSFTPOBOU
SFMBYBUJPO π± * $ 	PS ӍҽF#ƦƥH(ӗ − ӗ∗)ӑ * ƥ
 UIFO UIF OVDMFJ DBO CF QPMBSJ[FE VQ UP UIF
FMFDUSPO TQJO QPMBSJ[BUJPO ĉF TUSJDU DPOEJUJPO GPS UIJT JT <Ǒǌ>
/*
5ƥO
5ƥF
/4
+ ƥ 	ǊǎǍ

XIFSF/* JT UIF EFOTJUZ PG OVDMFBS TQJOT BOE/4 UIF EFOTJUZ PG FMFDUSPO TQJOT
ĉJT FĎFDU JT DPNNPOMZ SFGFSSFE UP BT UIF 4PMJE &ĎFDU ĉF GPS B TZTUFN DPOTJTUJOH PG JTPMBUFE
EFGFDUT UIF PWFSBMM SBUF PG OVDMFBS QPMBSJ[BUJPO DBO CF EFTDSJCFE CZ
E1(S, U)
EU
=
1Ƥ − 1
5Y
+ %∇Ʀ1− $
∑ .−.Ƥ
|S− SN|ƪ − π±
∑ 1− Ӂ1Ƥ
|S− SN|ƪ 	Ǌǎǎ

XIFSF Ӂ = ҽF/ҽO JT UIF NBYJNVN %/1 FOIBODFNFOU GBDUPS "T UIFTF FMFDUSPOT BSF JTPMBUFE
GSPN FBDI PUIFS BOE GSPNNBOZ PG UIF OVDMFBS TQJOT JO UIF TBNQMF TQJO EJĎVTJPO TUJMM QMBZT B SPMF
ĉF 4PMJE &ĎFDU IBT CFFO PCTFSWFE JO B WBSJFUZ PG TZTUFNT JODMVEJOH /EƧ+ EPQFE -./ <ǉǈǑ>
BOE$B(0))Ʀ EPQFEXJUI JTPMBUFE (0−Ʀ ) DFOUFST <ǉǉǈ> *O TJMJDPO JU XBT ėSTU PCTFSWFE CZ)FOTUSB
FU BM JO B CPSPO EPQFE TJMJDPO TBNQMF <ǐǎ> BOE MBUFS CZ )BZBTIJ FU BM JO QIPTQIPSVT EPQFE JTP
Ǎǌ
T1e
e1 e2
T1eħωe1
Te-e
n1
T1e
e3 e4
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6B;m`2 kX9Xj, h?2 irQ@2H2+i`QM@Mm+H2mb bTBM bvbi2KX
UPQJDBMMZ QVSJėFE TJMJDPO TBNQMF <ǉǈǎ> *O UIJT UIFTJT XF PCTFSWF %/1 WJB UIF TPMJE FĎFDU JO TNBMM
BNPSQIPVT TJMJDPO OBOPQBSUJDMFT
Ǌǌǋ %/1 ŋĽĵ ĵ Ķĵŉļ Ńĺ ńĵŇĵŁĵĻłĹŉĽķ ĽŁńŊŇĽŉĽĹň  5ļĹŇŁĵŀ.ĽŎĽłĻ
'PS B TZTUFN XJUI B IJHI DPODFOUSBUJPO PG VOCPOEFE FMFDUSPOT BT EFTDSJCFE JO 4FDUJPO ǊǋǊǊ
UIF &43 MJOF JT JOIPNPHFOFPVT CSPBEFOFE JU DBO CF DPOTJEFSFE UP DPOTJTU PG B TFSJFT PG EJQPMBS
DPVQMFE TQJO QBDLFUT FBDI PG IPNPHFOFPVT XJEUI 5−ƥƦF  1SPWJEFE UIBU 5−ƥƦF + ӗO UIF TZTUFN DBO
CF FWBMVBUFE BT B OFUXPSL PG EJQPMBS DPVQMFE FMFDUSPO QBJST XIFSF GPS FBDI QBJS UIF UXP FMFDUSPOT
EJĎFS JO ;FFNBO FOFSHZ CZ UIF OVDMFBS ;FFNBO FOFSHZ
5P VOEFSTUBOE UIF QPMBSJ[BUJPO NFDIBOJTN VOEFS NJDSPXBWF JSSBEJBUJPO XF ėSTU DPOTJEFS B
TJNQMFNPEFM DPOTJTUJOH PG B UXP EJQPMBS DPVQMFE FMFDUSPOT PG FOFSHZ !ӗFƥ BOE !ӗFƦ BOE B OVDMFVT
PG FOFSHZ !ӗO TVCKFDU UP UIF DPOEJUJPO !(ӗFƥ − ӗFƦ) = !ӗO " TDIFNBUJD EJBHSBN PG UIF FOFSHZ
MFWFMT PG UIF FMFDUSPO BOE Ʀƭ4J OVDMFBS TQJO TZTUFNT JT TIPXO JO 'JH Ǌǌǋ
"U MPX UFNQFSBUVSF BOE IJHI NBHOFUJD ėFMET UIF FMFDUSPO TQJO CBUI 	CMBDL BSSPXT
 CFDPNFT
IJHIMZ QPMBSJ[FE XIJMF UIF OFU QPMBSJ[BUJPO PG UIF Ʀƭ4J OVDMFBS CBUI SFNBJOT MPX 	SFE BSSPXT
 .J
DSPXBWF JSSBEJBUJPO BU B GSFRVFODZ ӗFƥ ESJWFT DPOUJOVPVT SPUBUJPOT PG FMFDUSPOT JO QBDLFU Fƥ PO B
UJNF TDBMF UTBU %JQPMBS ĚJQĚPQT CFUXFFO FMFDUSPOT XJUIJO UIF TBNF QBDLFU BT XFMM BT PUIFS QBDL
FUT PDDVS BU B SBUF5−ƥƦF,44 UIBU JT NVDI GBTUFS UIBO UIFJS DPVQMJOH UP UIF MBĨJDF TFU CZ5−ƥƥF  ĉFSFGPSF
ǍǍ
BO FMFDUSPO JO QBDLFU Fƥ DBO VOEFSHP B TQJO ĚJQĚPQ XJUI B TQJO JO QBDLFU FƦ XJUIPVU MPTT PG EJQPMBS
FOFSHZ (↓↑⇔↑↓) "T UIF UXP FMFDUSPOT EJĎFS JO ;FFNBO FOFSHZ CZ UIF OVDMFBS ;FFNBO FOFSHZ
UIF EJQPMBS JOUFSBDUJPO HFOFSBUFT B ĚVDUVBUJOH *; NBHOFUJD ėFME UIBU DBO ĚJQ B OFBSCZ OVDMFBS TQJO
BOE TUJMM DPOTFSWF UPUBM FOFSHZ <Ǒǌ> ĉF FMFDUSPO XJMM UIFSNBMJ[F XJUI UIF MBĨJDF BU B SBUF 5−ƥƥF  CF
GPSF CFJOH BCMF UP QBJS VQ XJUI BOPUIFS OVDMFVT BOE SFQFBU UIF DZDMF 1SPWJEFE 5ƥF JT NVDI GBTUFS
UIBO UIF OVDMFBS TQJO MBĨJDF SFMBYBUJPO UJNF 5ƥO B TJHOJėDBOU OVDMFBS QPMBSJ[BUJPO XJMM CF CVJMU VQ
"OFU QPTJUJWF FOIBODFNFOU JO OVDMFBS QPMBSJ[BUJPOXJMM CF TFFOXIFO UIF FMFDUSPOCFJOH ĚJQQFE
IBT B SFTPOBOU GSFRVFODZ CFMPX ӗF DPSSFTQPOEJOH UP DPPMJOH UIF FMFDUSPO EJQPMBS TQJO CBUI BOE B
OFU OFHBUJWF FOIBODFNFOU JO OVDMFBS QPMBSJ[BUJPO XIFO UIF FMFDUSPO CFJOH ĚJQQFE IBT B SFTPOBOU
GSFRVFODZ BCPWF ӗF DPSSFTQPOEJOH UP IFBUJOH UIF FMFDUSPO EJQPMBS TQJO CBUI ĉF EZOBNJD OV
DMFBS QPMBSJ[BUJPO FOIBODFNFOU JT UIFSFGPSF QSPQPSUJPOBM UP UIF EFSJWBUJWF PG UIF &43 MJOF EHEӗ BT B
GVODUJPO PG GSFRVFODZ <ǉǈǈ ǉǈǋ>
3FBMJTUJDBMMZ UIF QBDLFUT Fƥ BOE FƦ JO 'JH   BSF OPU JTPMBUFE GSPN PUIFS QBDLFUT XJUIJO UIF FMFD
USPO TQJO TZTUFN ĉF EJQPMBS PSEFS DBO USBOTGFS UP BOPUIFS QBJS PG TQJOT FƧ BOE Fƨ XIJDI DBO
VOEFSHP B TQJO ĚJQĚPQ BOE QPMBSJ[F B OFBSCZ OVDMFBS TQJO OƦ 	'JH Ǌǌǌ
 GVSUIFS FOIBODJOH UIF
OVDMFBS QPMBSJ[BUJPO
4QFDUSBM EJĎVTJPO EFTDSJCFT UIF SBUF PG USBOTGFS PG EJQPMBS PSEFS UISPVHI UIJT TUSPOHMZ DPVQMFE
FMFDUSPO TQJO TZTUFN 'PS BO JOIPNPHFOFPVTMZ CSPBEFOFE FMFDUSPO MJOF DPOTJTUJOH PG TFWFSBM GSF
RVFODZ TFQBSBUFE EJQPMBS CSPBEFOFE TQJO QBDLFUT 	'JH Ǌǉǎ
 UIF UJNF SFRVJSFE GPS BO BCTPSCFE
RVBOUVN UP EJĎVTF UISPVHI UIF JOIPNPHFOFPVT MJOF CZ NVMUJQMF USBOTJUJPOT BNPOH UIF IPNPHF
OFPVT TQJOQBDLFUT GPMMPXT B-PSFOU[JBOEJĎVTJPOLFSOFM <ǉǉǉ>XIFSF UIFNBHOFUJ[BUJPO.(U, Ҿ, ҾƤ)
BU UJNF U BU B GSFRVFODZ Ҿ BXBZ GSPN UIF JSSBEJBUJPO GSFRVFODZ ҾƤ JT
.(U, Ҿ, ҾƤ) =
NU/Ӎ
(NU)Ʀ + (Ҿ − ҾƤ)Ʀ 	ǊǎǏ

XIFSFN = (ρӗ)ƥ/Ʀ/(ƦU-) JT UIF TQFDUSBM EJĎVTJPO QBSBNFUFS GPS UIF TQJO TZTUFN )FSF (ρӗ)ƥ/Ʀ
Ǎǎ
T1e
e1 e2
T1eħωe1
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n1
T1e
e3 e4
T1e
Te-e
n2
6B;m`2 kX9X9, .LS #v i?2`KH KBtBM;
JT UIF FMFDUSPO MJOF XJEUI BOE U−ƥ- = 5ƥF−ƥ + 5ƥF−Ʀ JT UIF TQFDUSBM EJĎVTJPO UJNF
4QFDUSBM EJĎVTJPO JT WFSZ FđDJFOU QSPWJEFE UIBU UIF EJQPMBS MJOFXJEUI JT OPU UPP TNBMM XJUI SF
TQFDU UP UIF JOIPNPHFOFPVT MJOFXJEUI CVU JT TNBMMFS UIBO UIFOVDMFBS-BSNPS GSFRVFODZ 	(5ƦF)−ƥ +
ӗO + (5∗ƦF)−ƥ
 'PS EFGFDUT BU UIF TJMJDPOTJMJDPO PYJEF JOUFSGBDF UIF QBSBNBHOFUJD EFGFDU DPODFO
USBUJPO XF NFBTVSF JT PO PSEFS ƥƤƥƫ TQJOTDN−Ƨ XIJDI HJWFT B IPNPHFOFPVT MJOFXJEUI PG BCPVU
∼ ƥ.Ƭ .)[ DPNQBSFE UP UIF FMFDUSPO MJOFXJEUI PG ∼ ƪƤ .)[ BOE B Ʀƭ4J /.3 GSFRVFODZ PG
Ʀƨ.)[
"T UIF QBDLFUT BSF OPU JOEFQFOEFOU JU JT OPU QPTTJCMF UP XSJUF EPXO B DMPTFE TPMVUJPO GPS UIF
JOUFSOBM TQJO EZOBNJDT PG UIF TZTUFN VOEFS %/1 DPOEJUJPOT JG POMZ B TNBMM TFDUJPO PG UIF &43
MJOF JT TVCKFDU UP NJDSPXBWF JSSBEJBUJPO ĉFSFGPSF B TJNQMF SBUF DPOTUBOU GPS QPMBSJ[BUJPO DBO
OPU CF JTPMBUFE XBT XBT GPS UIF DBTF GPS UIF 0WFSIBVTFS &ĎFDU PS 4PMJE &ĎFDU <ǉǈǊ> 4PMPNPO
<ǉǉǊ> BOE 1SPWPUPSPW <ǉǉǋ> TVHHFTUFE BO BQQSPBDIXIJDI JOTUFBE DPOTJEFST UIF TQJO UFNQFSBUVSF
PG FBDI PG UIF FMFDUSPO EJQPMBS BOE ;FFNBO TQJO CBUIT SBUIFS UIBO UIF NJDSPTDPQJD EZOBNJDT PG
UIF JOEJWJEVBM TQJOT 6OEFS UIJT BQQSPBDI UIF FMFDUSPO EJQPMBS TQJO TZTUFN JT BTTVNFE UP SBQJEMZ
BDRVJSF B TJOHMF TQJO UFNQFSBUVSF UIBU JT EJTUJODUMZ EJĎFSFOU UP UIF TQJO UFNQFSBUVSF PG UIF FMFDUSPO
ǍǏ
ωeδ0
g(ω)
dg(ω)
dω
δ
ωeω
(a)
(b)
6B;m`2 kX9X8, h?2 2H2+i`QM HBM2 H(ӗ) +QMbBbib Q7  MmK#2` Q7 BM/2T2M/2Mi- #mi +QmTH2/- bTBM
T+F2ibX A``/BiBQM i  7`2[m2M+v ҾƤ +mb2b bT2+i`H /BzmbBQM Q7 Q7 /BTQH` Q`/2` iQ T+F2ib
rBi?BM  `M;2 7`2[m2M+v ҾX h?2 `2bmHiBM; /vMKB+ Mm+H2` TQH`BxiBQM b?Qrb  7`2[m2M+v
/2T2M/2M+2 i?i b+H2b rBi? i?2 /2`BpiBp2 Q7 i?2 1a_ HBM2X
TQJO ;FFNBO TZTUFN <ǉǉǌ> ĉJT BQQSPBDI XBT UIFO FYUFOEFE CZ #PSHIJOJ <ǉǉǍ> UP JODMVEF UIF
TQJO UFNQFSBUVSF PG UIF OVDMFBS ;FFNBO CBUI BOE UIF FĎFDU BDRVJSFE UIF OBNFĉFSNBM .JYJOH
ĉFSNBM .JYJOH JT OPU TUSJDUMZ TQFBLJOH B %/1NFDIBOJTN CZ JUTFMG BT UIF FMFDUSPO EJQPMBS CBUIT
BOE OVDMFBS ;FFNBO CBUIT XJMM SFBDI UIF TBNF TQJO UFNQFSBUVSF XJUIPVU BOZ BQQMJFE NJDSPXBWF
JSSBEJBUJPO )PXFWFS JU CFDPNFT B NFDIBOJTN GPS %/1 XIFO UIF FMFDUSPO TQJO EJQPMBS TZTUFN JT
ADPPMFE CZ UIF BQQMJDBUJPO PG B NJDSPXBWF ėFME
*O UIJT UIFTJT XF PCTFSWF EZOBNJD OVDMFBS QPMBSJ[BUJPO CZ UIFSNBM NJYJOH GPS Ʀƭ4J OVDMFJ DMPTF
UP UIF TVSGBDF PG IJHIMZ PYJEJ[FE TJMJDPO NJDSP BOE OBOPQBSUJDMFT
Ǎǐ
3
/VDMFBS 4QJO 1SPQFSUJFT PG 4JMJDPO 1BSUJDMFT
.BHOFUJD SFTPOBODF JNBHJOH PG IZQFSQPMBSJ[FE OVDMFJ QSPWJEFT IJHI JNBHF DPOUSBTU XJUI MJĪMF PS OP CBDL
HSPVOE TJHOBM 5P EBUF JOWJWP BQQMJDBUJPOT PG QSF IZQFSQPMBSJ[FE NBUFSJBMT IBWF CFFO MJNJUFE CZ SFM
BUJWFMZ TIPSU OVDMFBS TQJO SFMBYBUJPO UJNFT )FSF XF JOWFTUJHBUF TJMJDPO OBOPQBSUJDMFT BT B OFX UZQF PG
IZQFSQPMBSJ[FE NBHOFUJD SFTPOBODF JNBHJOH BHFOU /VDMFBS TQJO SFMBYBUJPO UJNFT GPS B WBSJFUZ PG 4J
OBOPQBSUJDMFT BSF GPVOE UP CF SFNBSLBCMZ MPOH SBOHJOH ěPN NBOZ NJOVUFT UP IPVST BU SPPN UFNQFS
BUVSF BMMPXJOH IZQFSQPMBSJ[FE OBOPQBSUJDMFT UP CF USBOTQPSUFE BENJOJTUFSFE BOE JNBHFE PO QSBDUJDBM
UJNF TDBMFT ĉFTF SFTVMUT TVHHFTU UIBU 4J OBOPQBSUJDMFT DBO CF VTFE BT B UBSHFUBCMF IZQFSQPMBSJ[FE NBH
ǍǑ
OFUJD SFTPOBODF JNBHJOH BHFOU XJUI B MBSHF SBOHF PG QPUFOUJBM BQQMJDBUJPOTǮ
ǋǉ *łŉŇŃĸŊķŉĽŃł
5ļĹŊňĹ Ńĺ łĵłŃńĵŇŉĽķŀĹň ĺŃŇ ĶĽŃŁĹĸĽķĵŀ ĵńńŀĽķĵŉĽŃłň IBT CFOFėUFE GSPN SBQJE QSPHSFTT
JOOBOPTDBMF TZOUIFTJT PGNBUFSJBMTXJUI TQFDJėDPQUJDBM <ǉǉǎmǉǉǐ> BOENBHOFUJD QSPQFSUJFT <ǉǉǑ>
BT XFMM BT CJPGVODUJPOBMJ[BUJPO PG TVSGBDFT BMMPXJOH UBSHFUJOH <ǉǊǈmǉǊǊ> JOWJWP USBDLJOH <ǉǉǎ
ǉǊǊ ǉǊǋ> BOE UIFSBQFVUJD BDUJPO <ǉǉǐ ǉǊǌ> 1PSPVT TJMJDPO OBOPTUSVDUVSFE NBUFSJBM BSF PG JOUFS
FTU GPSNPMFDVMBS BOE DFMMCBTFECJPTFOTJOH ESVHEFMJWFSZ BOE UJTTVF FOHJOFFSJOH BQQMJDBUJPOT <ǋǐ
ǋǑ> 'PS NBHOFUJD SFTPOBODF JNBHJOH 	.3*
 TVQFSQBSBNBHOFUJD OBOPQBSUJDMFT IBWF FYUFOEFE
TVTDFQUJCJMJUZCBTFE DPOUSBTU BHFOUT UPXBSE UBSHFUFE JNBHJOH <ǉǉǑ> UIPVHI BDIJFWJOH IJHI TQB
UJBM SFTPMVUJPO XJUI IJHI DPOUSBTU SFNBJOT DIBMMFOHJOH FTQFDJBMMZ JO SFHJPOT XJUI OBUVSBM NBH
OFUJD TVTDFQUJCJMJUZ HSBEJFOUT "O BMUFSOBUJWF BQQSPBDI JT EJSFDU .3* PG IZQFSQPMBSJ[FE NBUFSJBMT
XJUI MJĨMF PS OP CBDLHSPVOE TJHOBM )ZQFSQPMBSJ[FE OPCMF HBTFT <ǎǎ ǉǊǍ ǉǊǎ> BOE ƥƧ$FOIBODFE
CJPNPMFDVMFT <ǎǉ>IBWFEFNPOTUSBUFE JNQSFTTJWF JNBHFDPOUSBTU CVU BSF MJNJUFECZ TIPSU JOWJWP FO
IBODFNFOU UJNFT 	∼ ǉǈ T GPS OPCMF HBTFT <ǉǊǍ>∼ ǋǈ T GPS ƥƧ$ CJPNPMFDVMFT <ǎǉ ǎǌ>

/VDMFBS NBHOFUJD SFTPOBODF 	/.3
 JO TJMJDPO IBT CFFO XJEFMZ JOWFTUJHBUFE GPS IBMG B DFOUVSZ
<ǏǑ> BOE XJUI SFOFXFE JOUFSFTU SFDFOUMZ JO UIF DPOUFYU PG RVBOUVN DPNQVUBUJPO <ǉǊǏ> *U JT
LOPXO UIBU CVML TJMJDPO DBO FYIJCJU NVMUJIPVS OVDMFBS TQJO SFMBYBUJPO 	5ƥ
 UJNFT BU SPPN UFN
QFSBUVSF <ǏǑ> BOE DBO CF IZQFSQPMBSJ[FE WJB EZOBNJD OVDMFBS QPMBSJ[BUJPO 	%/1
 <ǉǊǐ> ĉF MPX
OBUVSBM BCVOEBODF PG TQJOƥ/Ʀ Ʀƭ4J OVDMFJ 	ǌǏƻ
 FNCFEEFE JO B MBĨJDF PG [FSPTQJO ƦƬ4J OVDMFJ
JTPMBUFT UIF BDUJWF OVDMFBS TQJOT GSPN POF BOPUIFS BOE GSPN UIF FOWJSPONFOU MFBEJOH OPU POMZ UP
MPOH 5ƥ UJNFT CVU BMTP EFDPIFSFODF 	5Ʀ
 UJNFT PG VQ UP UFOT PG TFDPOET <ǉǊǏ> .PSFPWFS UIF
ǮĉJT DIBQUFS JT SFQSPEVDFE JO QBSU GSPN UIFNBOVTDSJQU)ZQFSQPMBSJ[FE -POH5ȕ 4JMJDPO /BOPQBSUJDMFT GPS .BH
OFUJD 3FTPOBODF *NBHJOHXJUI BVUIPST + 8 "QUFLBS∗ . $ $BTTJEZ∗ " $ +PIOTPO 3 " #BSUPO . : -FF " $
0HJFS $ 7P . / "OBIUBS : 3FO 4 / #IBUJB $ 3BNBOBUIBO % ( $PSZ " - )JMM 3 8 .BJS . 4 3PTFO
3 - 8BMTXPSUI $ . .BSDVT QVCMJTIFE JO "$4 /BOP ǋ ǌǈǈǋ 	ǊǈǈǑ
 $PQZSJHIU 	ǊǈǈǑ
 "NFSJDBO $IFNJDBM
4PDJFUZ
ǎǈ
XFBL EJQPMFEJQPMF DPVQMJOH PG UIF TQBSTF Ʀƭ4J BUPNT UPHFUIFS XJUI UIF JTPUSPQJD DSZTUBM TUSVDUVSF
BOE UIF BCTFODF PG OVDMFBS FMFDUSJD RVBESVQPMFNPNFOU DPOTQJSF UP LFFQ BOZ JOEVDFE OVDMFBS QP
MBSJ[BUJPO BMJHOFE XJUI FWFO WFSZ XFBL FYUFSOBM ėFMET BT UIF OBOPQBSUJDMF UVNCMFT JO TQBDF XIJDI
PDDVST GPS JOTUBODF JO ĚVJE TVTQFOTJPOT
ĉJT $IBQUFS JOWFTUJHBUFT JO EFUBJM UXP DSJUJDBM QSPQFSUJFT PG 4J OBOPQBSUJDMFT GPS UIFJS VTF BT
UBSHFUBCMF IZQFSQPMBSJ[FE .3* JNBHJOH BHFOUT 'JSTU XF EFNPOTUSBUF GPS UIF ėSTU UJNF UIBU 4J
OBOPQBSUJDMFT SFUBJO MPOH 5ƥ UJNFT BU SPPN UFNQFSBUVSF JOUP UIF TVCNJDSPO SFHJNF BOE JOWFTUJ
HBUF IPX5ƥ EFQFOET PO TJ[F GPS B WBSJFUZ PG DPNNFSDJBM BOE CBMMNJMMFE 4J OBOPQBSUJDMFT ĉJT EF
QFOEFODF JT DPNQBSFE UP BNPEFM PG OVDMFBS TQJO EJĎVTJPO <ǉǊǐ> ZJFMEJOH SFBTPOBCMF DPOTJTUFODZ
CFUXFFO UIFPSZ BOE FYQFSJNFOU 4FDPOE XF EFNPOTUSBUF UIBU MPOH5ƥ 4J OBOPQBSUJDMFT IZQFSQP
MBSJ[FE CZ CSVUF GPSDF QPMBSJ[BUJPO DBO CF JNBHFE VTJOH B HSBEJFOU FDIP NFUIPE
ǋǊ 4ĵŁńŀĹň ĵłĸ ĹŎńĹŇĽŁĹłŉĵŀ ŁĹŉļŃĸň
ǋǊǉ /ĵłŃńĵŇŉĽķŀĹ ńŇĹńĵŇĵŉĽŃł ĵłĸ ňĽŐĹ ňĹńĵŇĵŉĽŃł
/PNJOBMMZ VOEPQFE ĚPBU[POF HSPXO 4J XBGFST 	4JMJDPO2VFTU *OUFSOBUJPOBM
 XFSF 〈ƥƥƥ〉 PSJFOUFE
XJUI SFTJEVBM QEPQBOUT BOEOPNJOBM SFTJTUJWJUZ ǋǈǉǈǈLϕDN EFQFOEJOHPOCBUDI )JHIMZEPQFE
XBGFST 	7JSHJOJB 4FNJDPOEVDUPS
XFSF$[PDISBMTLJ HSPXO 〈ƥƤƤ〉PSJFOUFE CPSPOEPQFE	QUZQF

XJUI OPNJOBM SFTJTUJWJUZ ǈǈǉǈǈǊ ϕDN
#BMMNJMMFE QBSUJDMF XFSF QSPDFTTFE BT GPMMPXT 8IPMF XBGFST XFSF TIBĨFSFE VTJOH BNPSUBS BOE
QFTUMF #BUDIFT PG ǐǍ H XBGFS TIBSET XFSF ESZ HSPVOE GPS ǉǈ NJOVUFT BU ǌǈǈ SQN JO B QMBOFUBSZ
CBMM NJMM 	3FUTDI 1.ǉǈǈ
 VTJOH UFO ǉ DNEJBNFUFS [JSDPOJB CBMMT ĉF SFTVMUJOH QPXEFS XBTNJYFE
XJUI Ǌǈ NM PG FUIBOPM BOE NJMMFE VOEFS TJNJMBS DPOEJUJPOT GPS BOPUIFS ǋǐ I 'PS B ėOBM NJMMJOH
BMTP BU ǌǈǈ SQN ėěZ ǋ NN EJBNFUFS [JSDPOJB CBMMT XFSF VTFE ĉF TMVSSZ XBT NJMMFE GPS UJNFT
SBOHJOH GSPN ǉ I UP Ǌǎ I UP HJWF BO BQQSPYJNBUFMZ VOJGPSN TJ[F EJTUSJCVUJPO CFUXFFO ǉǈǈ ON BOE
ǉ ӉN ĉF CBMMNJMMFE TJMJDPO OBOPQBSUJDMFT JO FUIBOPM XFSF TFQBSBUFE CZ TJ[F VTJOH B DFOUSJGVHB
ǎǉ
UJPOBM TFEJNFOUBUJPO QSPDFTT 1BSBNFUFST XFSF DBMDVMBUFE VTJOH UIF 4UPLFT FRVBUJPO <ǉǊǑ> 'SPN
SFQFBUFE TPOJDBUJPO BOE DFOUSJGVHBM TFQBSBUJPO B OVNCFS PG EJTDSFUF QBSUJDMF TJ[F HSPVQT DPVME CF
PCUBJOFE
ǋǊǊ 4ķĵłłĽłĻ ĹŀĹķŉŇŃł ŁĽķŇŃňķŃńŏ ĵłĸ ňĽŐĹ ķļĵŇĵķŉĹŇĽŐĵŉĽŃł
4DBOOJOH FMFDUSPONJDSPTDPQZ BOE QBSUJDMFNFBTVSJOH TPěXBSF 	(BUBO %JHJUBM .JDSPHSBQI
 XFSF
VTFE UPEFUFSNJOF UIF TJ[FEJTUSJCVUJPOTPG UIFOBOPQBSUJDMFT %JMVUF TVTQFOTJPOTPG TJMJDPOOBOPQBS
UJDMFT JO FUIBOPM XFSF TPOJDBUFE GPS UFO NJOVUFT CFGPSF CFJOH QJQFĨFE POUP B WJUSFPVT DBSCPO
QMBODIFĨ XIJDI XBT NPVOUFE PO B TUBOEBSE TQFDJNFO IPMEFS XJUI DPOEVDUJOH DBSCPO UBQF "O
BDDFMFSBUJPO WPMUBHF PG Ǌ L7 XBT VTFE 'PS FBDI TBNQMF> ǉǈǈǈ QBSUJDMFT XFSF BOBMZ[FE TPVSDFE
GSPN∼ Ǎǈ JNBHFT 1BSUJDMF BHHMPNFSBUJPO TFFO JO ESZ .FMJPSVN BOE .5* TBNQMFT IBT CFFO SF
QPSUFE JO TJNJMBSMZ TJ[FE TJMJDB OBOPQBSUJDMFT <ǉǋǈ> CVU JT OPU FYQFDUFE UPPDDVS BěFS QFHZMBUJPO *O
UIFTF DBTFT 	.FMJPSVN.5*
 JOEJWJEVBMNFBTVSFNFOU PG UIF QBSUJDMF EJBNFUFS GSPN4&. JNBHFT
XBT VTFE JOTUFBE PG TPěXBSF BOBMZTJT
1BSUJDMF TJ[F EFUFSNJOFT SFHJNFT PG BQQMJDBUJPO UPCJPNFEJDJOF <ǉǋǉ> BTXFMM BT/.3QSPQFSUJFT
<ǉǊǐ> 8F JOWFTUJHBUFE SPPNUFNQFSBUVSF/.3QSPQFSUJFT PG 4J QBSUJDMFT TQBOOJOH GPVS PSEFST PG
NBHOJUVEF JO NFBO EJBNFUFS GSPN ǌǈ ON UP ǉ NN 1BSUJDMFT XFSF NBEF CZ WBSJPVT NFUIPET JO
DMVEJOH CBMMNJMMJOH PG OPNJOBMMZ VOEPQFE 	IJHISFTJTUJWJUZ ǋǈ−ǉǈǈ LϕDN
 BOE IJHIMZ EPQFE
	MPXSFTJTJUJWJUZ Ƥ.Ƥƥ − Ƥ.ƤƦ ϕDN
 DPNNFSDJBM TJMJDPO XBGFST GPMMPXFE CZ TFHSFHBUJPO CZ TJ[F
	TFF .FUIPET
 8F BMTP JOWFTUJHBUFE DIFNJDBMMZ TZOUIFTJ[FE 4J OBOPQBSUJDMFT XJUI NFBO EJBNF
UFST ǌǈ ON 	XFU TZOUIFTJT  ǑǑǑǑƻ FMFNFOUBM QVSJUZ .FMJPSVN $PSQ
 ǎǈ ON 	XFU TZOUIFTJT
 ǑǑǑǑƻ FMFNFOUBM QVSJUZ .FMJPSVN$PSQ
 ǉǌǈ ON 	QMBTNB TZOUIFTJT  ǑǑƻ FMFNFOUBM QVSJUZ
.5* $PSQ
 BOE ǎǈǈ ON 	FMFDUSJDBM FYQMPTJPO TZOUIFTJT  Ǒǐƻ FMFNFOUBM QVSJUZ /BOPTUSVDUVSFE
 "NPSQIPVT .BUFSJBMT *OD
 PCUBJOFE DPNNFSDJBMMZ 'JHVSF ǋǊǉ TIPXT SFQSFTFOUBUJWF TDBO
OJOH FMFDUSPO NJDSPTDPQF 	4&.
 JNBHFT PG BMM NFBTVSFE QBSUJDMFT BMPOH XJUI WPMVNFXFJHIUFE
TJ[F EJTUSJCVUJPOT PCUBJOFE CZ 4&. JNBHF BOBMZTJT
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6B;m`2 jXkXR, 1H2+i`QM KB+`Q;`T?b Q7 aB MMQT`iB+H2b 	"
	&
 #HH KBHHBM; ?B;?@`2bBbiBpBiv
bBHB+QM r72`- 	'
	(
 r2i bvMi?2bBb UJ2HBQ`mKV 	)
 THbK bvMi?2bBb UJhAV- 	*
 2H2+i`B+H
2tTHQbBQM ULMQKQ`V M/ 	+
 #HH KBHHBM; HQr@`2bBbiBpBiv r72`X AMb2ib, oQHmK2@r2B;?i2/
?BbiQ;`Kb Q7 /BK2i2`b 7QHHQrBM; bBx2 b2;`2;iBQM HQM; rBi? p2`;2b EƤ M/ biM/`/ /2pB@
iBQMb Ӑ #b2/ QM ;mbbBM }ib iQ /Bbi`B#miBQMbX
ǎǋ
ǋǊǋ &ŀĹķŉŇŃł ňńĽł ŇĹňŃłĵłķĹ
$POUJOVPVT XBWF FMFDUSPO TQJO SFTPOBODF 	DX&43
 NFBTVSFNFOUT XFSF UBLFO PO CVML TBNQMFT
PG QBSUJDMFT VTJOH B +&0- '&ǋ9( 9#BOE TQFDUSPNFUFS BU B GSFRVFODZ PG Ǒǉǈǎ ()[ ĉF BD
ėFME 	BNQMJUVEF ǈǈǉN5 GNPE  ǉǈǈ L)[
XBT TXFQU GSPN ǋǉǍN5 UP ǋǋǍN5PWFS B QFSJPE PG ǋǈ T
'PS FBDI TBNQMF B TJOHMF QFBL BU #  ǋǊǌ N5 DPSSFTQPOEJOH UP B HGBDUPS PG Ǌǈǈǎ XBT SFDPSEFE
ĉJT JT DPOTJTUFOU XJUI UIF SFQPSUFE HGBDUPS PG 1C EFGFDUT BU UIF TJMJDPOTJMJDPO EJPYJEF JOUFSGBDF
<ǉǋǊ> &43 TQFDUSB PG CBMM NJMMFE TJMJDPO QBSUJDMFT XJUI TJ[FT ǈǉǏ ӉN BOE ǉǎ ӉN BSF TIPXO JO
'JH ǋǊǊ $VSWFT BSF TDBMFE WFSUJDBMMZ CZ TBNQMF XFJHIU HJWJOH B NFBTVSF PG EFOTJUZ PG FMFDUSPO
TQJOT 4NBMMFS QBSUJDMFT IBWF HSFBUFS EFGFDU EFOTJUZ TDBMJOH SPVHIMZ BT UIF JOWFSTF EJBNFUFS 	JOTFU
'JH ǋǊǊ
 TVHHFTUJOH UIBU UIF EFGFDUT BSF PO UIF TVSGBDF PG UIF OBOPQBSUJDMF <ǉǊǐ>
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6B;m`2 jXkXk, 1H2+i`QM bTBM `2bQMM+2 K2bm`2K2Mib Q7 bBHB+QM T`iB+H2bX q2B;?i /Dmbi2/
1a_ bT2+i` Q7 #HH KBHH2/ bBHB+QM T`iB+H2b rBi? bBx2b yXRd ӉK M/ RXe ӉKX AMb2i, 1a_ T2F
`2 pb BMp2`b2 T`iB+H2 /BK2i2`X
ǋǊǌ /.3ŁĹĵňŊŇĹŁĹłŉň
/VDMFBS 5ƥ UJNFT PG UIF 4J OBOPQBSUJDMFT TFHSFHBUFE CZ TJ[F BOE QBDLFE ESZ JO UFĚPO /.3 UVCFT
XFSF NFBTVSFE BU SPPN UFNQFSBUVSF BU B NBHOFUJD ėFME PG ǊǑ 5 VTJOH B TQJOFDIP 'PVSJFS USBOT
GPSN NFUIPE XJUI B TBUVSBUJPO SFDPWFSZ TFRVFODF 'PMMPXJOH B USBJO PG TJYUFFO IBSE Ӎ/Ʀ QVMTFT
ǎǌ
UP OVMM BOZ JOJUJBM QPMBSJ[BUJPO UIF TBNQMF XBT MFě BU ėFME UP QPMBSJ[F GPS B UJNF ӑQPM GPMMPXFE CZ B
$BSS1VSDFMM.FJCPPN(JMM 	$1.(
 TFRVFODF (Ӎ/Ʀ)9−[ӑ−(Ӎ):−ӑ− FDIP ]OXJUI ӑ = Ƥ.ƩNT
BOE O = ƦƤƤ *O 4J BOE PUIFS OVDMFBSEJQPMFDPVQMFE NBUFSJBMT FDIP TFRVFODFT DBO ZJFME BOPNB
MPVTMZ MPOH EFDBZ UBJMT <Ǒǐ> )PXFWFS UIF 'PVSJFS BNQMJUVEF PG UIF FDIP USBJO TUJMM QSPWJEFT B
TJHOBM QSPQPSUJPOBM UP JOJUJBM QPMBSJ[BUJPO <Ǒǐ> 7BMVFT GPS 5ƥ BSF FYUSBDUFE GSPN FYQPOFOUJBM ėUT
" ∝ ƥ − F−ӑQPM/5ƥ  UP UIF BNQMJUVEF " PG 'PVSJFS USBOTGPSN PG UIF FDIP USBJO GPS Ǌǈǈ FDIPFT BT B
GVODUJPO PG QPMBSJ[BUJPO UJNF 	TFF 'JH ǋǋǉ JOTFU GPS BO FYBNQMF

ǋǋ Ʀƭ4Ľ /.3ŁĹĵňŊŇĹŁĹłŉň 5ƥ ĵłĸ5Ʀ ĵŉ ŇŃŃŁ ŉĹŁńĹŇĵŉŊŇĹ
'JHVSF ǋǋǉ TIPXT 5ƥ BT B GVODUJPO PG WPMVNFXFJHIUFE BWFSBHF QBSUJDMF EJBNFUFS GPS UIF WBSJPVT
TBNQMFT BT XFMM BT B TIFMMDPSF OVDMFBS TQJO EJĎVTJPO NPEFM <ǉǊǐ> XIJDI IBT OP GSFF QBSBNFUFST
ĉF NPEFM BTTVNFT 5ƥ JT EFUFSNJOFE CZ OVDMFBS TQJO EJĎVTJPO UP UIF QBSUJDMF TVSGBDF XIFSF OV
DMFBS TQJO JT RVJDLMZ SFMBYFE 6OEPQFE CBMMNJMMFE TBNQMFT GPMMPX B SPVHIMZ MJOFBS EFQFOEFODF PO
TJ[F5ƥ ∝ EƤ GPS EƤ <∼ ƥƤ ӉN TBUVSBUJOH BU5ƥ ∼ Ʃ I GPS MBSHFS QBSUJDMFT ĉF USFOE PG JODSFBTJOH
5ƥ JO MBSHFS QBSUJDMFT JT RVBMJUBUJWFMZ DPOTJTUFOU XJUI UIF TIFMMDPSF NPEFM BOE TVHHFTUT UIBU 5ƥ JT
HPWFSOFE CZ TVSGBDF SFMBYBUJPO &MFDUSPO TQJO SFTPOBODF 	&43
 NFBTVSFNFOUT 	'JH ǋǊǊ
 TIPX
B TJOHMF QFBL DPSSFTQPOEJOH UP B HGBDUPS PG HǊǈǈǎ DIBSBDUFSJTUJD PG 1CUZQF EFGFDU DFOUFST BU UIF
4J4J0Ʀ JOUFSGBDF <ǉǋǊ> ĉF TIJě UPXBSE MPXFS 5ƥ DPNQBSFE UP UIF DPSFTIFMM NPEFM QSFTVNBCMZ
SFĚFDUT SFMBYBUJPO XJUIJO UIF DPSF XIJDI DBO CF BĨSJCVUFE UP EFGFDUT BOE TUSBJO JOEVDFE FJUIFS CZ
CBMM NJMMJOH <ǉǋǋ> PS OPODSZTUBMMJOJUZ EFQFOEJOH PO UIF NFUIPE PG TZOUIFTJT ĉF IJHIMZ EPQFE
CBMMNJMMFE QBSUJDMFT IBWF5ƥ ∼ ƦƤƤ T JOEFQFOEFOU PG TJ[F )FSF 5ƥ JT TIPSUFOFE EVF UP SFMBYBUJPO
CZ GSFF DBSSJFST 4NBMMFS DPNNFSDJBM QBSUJDMFT GPSNFE CZ XFU TZOUIFTJT 	 ǑǑǑǑƻ FMFNFOUBM QV
SJUZ .FMJPSVN
 BOE QMBTNB TZOUIFTJT 	 ǑǑƻ FMFNFOUBM QVSJUZ .5*
 IBWF 5ƥ UJNFT BT MPOH BT
Ǐǈǈ T FYDFFEJOH UIF QSFEJDUJPOT PG UIF DPSFTIFMM NPEFM -BSHFS DPNNFSDJBM QBSUJDMFT GPSNFE CZ
FMFDUSJDBM FYQMPTJPO 	 Ǒǐƻ FMFNFOUBM QVSJUZ /BOP"NPS
 IBWF TIPSUFS 5ƥ UIBO UIF DPNQBSBCMZ
ǎǍ
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Plasma Synthesis 
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Explosion Synthesis 
>98% Si (NanoAmor)
6B;m`2 jXjXR, LJ_ T`QT2`iB2b Q7 bBHB+QM T`iB+H2bX Lm+H2` bTBM `2HtiBQM U5ƥV iBK2b i
kXN h b  7mM+iBQM Q7 T`iB+H2 /BK2i2` EƤ 7Q` p`BQmb aB T`iB+H2bX o2`iB+H 2``Q` #`b `2
7`QK 2tTQM2MiBH }ib iQ `2HtiBQM /ic ?Q`BxQMiH 2``Q` #`b `2 Ӑ Q7 bBx2 /Bbi`B#miBQMb Ub22
6B;X RVX AMb2i, 6Qm`B2`@i`Mb7Q`K LJ_ T2F KTHBim/2- - b  7mM+iBQM Q7 TQH`BxiBQM iBK2
ӑQPM Ub22 i2tiV 7Q` i?2 #HH@KBHH2/ ?B;?@`2bBbiBpBiv T`iB+H2b rBi? EƤ = Ƥ.ƥƫ ӉKX 5ƥ pHm2b r2`2
K2bm`2/ mbBM;  bim`iBQM `2+Qp2`v bTBM 2+?Q TmHb2 b2[m2M+2 /2b+`B#2/ BM i?2 i2tiX
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Model
6B;m`2 jXjXk, 5∗Ʀ b  7mM+iBQM Q7 MMQT`iB+H2 bBx2 K2bm`2/ i `QQK i2KT2`im`2 i 9Xd h
7Q` #HH KBHH2/ T`iB+H2bX
TJ[FE IJHISFTJTUJWJUZ CBMMNJMMFE QBSUJDMFT
8F IBWF BMTP NFBTVSFE UIF JOIPNPHFOFPVT EFQIBTJOH UJNFT 5∗Ʀ  BT B GVODUJPO PG NFBO QBS
UJDMF EJBNFUFS GPS VOEPQFE CBMM NJMMFE TBNQMFT BU ǌǏ 5 	'JH ǋǋǊ
 5∗Ʀ SBOHFT GSPN ǈǋ NT GPS
EƤ ∼ Ƥ.ƦӉN UP ǉǐ NT GPS GPS EƤ ∼ ƥƤƤƤӉN 8F OPUF UIBU XIJMF 5ƥ DIBOHFT CZ UXP PSEFST PG
NBHOJUVEF PWFS UIF SBOHF PG NFBTVSFE QBSUJDMF TJ[FT 5∗Ʀ DIBOHFT POMZ CZ GBDUPS PG∼ ǎ
ǋǋǉ .3* Ńĺ ļŏńĹŇńŃŀĵŇĽŐĹĸ 4Ľ łĵłŃńĵŇŉĽķŀĹň
"ėSTU EFNPOTUSBUJPOPG JNBHJOHIZQFSQPMBSJ[FE4JOBOPQBSUJDMFT JT TIPXO JO'JH ǋǋǋ "QIBOUPN
JO UIF TIBQF PG UIF MFĨFS)XBT ėMMFEXJUI VOEPQFE CBMMNJMMFE QBSUJDMFT 	EƤ  ǉǎӉN
 BOE BMMPXFE
UP FRVJMJCSBUF BU MPX UFNQFSBUVSF 	ǌǊ ,
 BOE IJHI ėFME 	Ǎ 5
 GPS ǎǈ I <ǎǉ> XIJDI FOIBODFE UIF
OVDMFBS TQJO QPMBSJ[BUJPO B GBDUPS PG∼ ƥƪ DPNQBSFE UP SPPNUFNQFSBUVSF QPMBSJ[BUJPO BU UIBU ėFME
ĉF TBNQMFXBT UIFO SFNPWFE BOE JNBHFE BU SPPN UFNQFSBUVSF BU ǌǏ5 	VTJOH B#SVLFS%.9Ǌǈǈ
TQFDUSPNFUFS XJUI BNJDSPJNBHJOH HSBEJFOU TFU
 ĉF USBOTGFS GSPN UIF MPX UFNQFSBUVSF FOWJSPO
NFOU UP UIF JNBHFS SFRVJSFE∼ ƪƤ T NVDI TIPSUFS UIBO UIF5ƥ PG UIF OBOPQBSUJDMFT ĉF QIBOUPN
XBT JNBHFE VTJOH B TNBMMUJQBOHMF HSBEJFOUFDIP TFRVFODF <ǉǋǌ> XJUI UIF GPMMPXJOH QBSBNFUFST
UJQ BOHMF ӂ  Ǒ◦ FDIP UJNF ӑ  ǉǊ NT ėFME PG WJFX  ǉǍ NN TBNQMF UIJDLOFTT  ǊǍ DN TJOHMF
ǎǏ
6B;m`2 jXjXj, ƦƭaB K;M2iB+ `2bQMM+2 BK;BM; Q7 ?vT2`TQH`Bx2/ aB MMQT`iB+H2bX 	"
 M
>@b?T2/ T?MiQK }HH2/ rBi? ?B;?@`2bBbiBpBiv aB T`iB+H2b UEƤ = ƥ.ƪ ӉNV T`2@TQH`Bx2/ i HQr
i2KT2`im`2 Uh 4 9Xk EV M/ ?B;? K;M2iB+ }2H/ U" 4 8 hV 7Q` ey ? M/ r`K2/ M/ i`Mb@
72``2/ iQ  9Xd h BK;2`X 	#
 aBM;H2 ƦƭaB BK;2 Q7 T?MiQK BM X a22 i2ti 7Q` BK;BM; /2@
iBHbX LQ ƦƭaB aB BK;2 +QmH/ #2 Q#iBM2/ rBi?Qmi ?vT2`TQH`BxiBQM mbBM; i?2 bK2 b2[m2M+2X
QBTT 	OP BWFSBHJOH
 BDRVJTJUJPO UJNF  ǉǉ T ĉF SFTVMUJOH JNBHF JT TIPXO JO 'JH ǋǋǋ	C
 .3* PG
UIF TBNF TBNQMF FRVJMJCSBUFE JO UIF ėFME PG UIF JNBHFS BU SPPN UFNQFSBUVSF ZJFMEFE OP EFUFDUBCMF
JNBHF
ǋǌ $ŃłķŀŊňĽŃł
8F IBWF EFNPOTUSBUFE TFWFSBM LFZ GFBUVSFT PG 4J OBOPQBSUJDMFT UIBU FTUBCMJTI UIFJS QPUFOUJBM BT B
IZQFSQPMBSJ[FE JNBHJOH BHFOU GPS .3* JODMVEJOH MPOH OVDMFBS SFMBYBUJPO UJNFT BOE SFDFQUJWJUZ
UP TVSGBDF NPEJėDBUJPO XJUI CJPMPHJDBMMZ DPNQBUJCMF MJHBOET 3PPN UFNQFSBUVSF OVDMFBS SFMBY
BUJPO 	5ƥ
 UJNFT GPS BMM NFBTVSFE QBSUJDMFT XFSF GPVOE UP CF DPOTJEFSBCMZ MPOHFS UIBO UIPTF PG
QSFWJPVTMZ SFQPSUFE IZQFSQPMBSJ[FE .3* JNBHJOH BHFOUT <ǎǉ ǉǊǍ ǉǊǎ> JO UIF SBOHF PG UFOT PG
NJOVUFT UP IPVST .PSFPWFS 5ƥ JO UIF 4J TZTUFN DBO CF UVOFE CZ TJ[F BOE EPQJOH BMMPXJOH PQ
UJNJ[BUJPO GPS TQFDJėD BQQMJDBUJPOT JO CJPNFEJDBM JNBHJOH 8F FYBNJOFE 5ƥ BT B GVODUJPO EJBN
FUFS GPS QBSUJDMFT NBEF CZ CBMMNJMMJOH VOEPQFE TJMJDPO XBěFST BT XFMM BT DIFNJDBMMZ TZOUIFTJ[FE
OBOPQBSUJDMFT 1SFMJNJOBSZ NFBTVSFNFOUT PO PUIFS TVSGBDF GVODUJPOBMJ[FE TJMJDPO OBOPQBSUJDMFT
JOEJDBUF UIBU UIF GVODUJPOBMJ[BUJPO QSPDFTT EPFT OPU SFEVDF UIF OVDMFBS 5ƥ PG UIF QBSUJDMFT .3*
PG 4J OBOPQBSUJDMFT XBT EFNPOTUSBUFE BU NPEFTUMZ FOIBODFE QPMBSJ[BUJPO VTJOH MPXUFNQFSBUVSF
ǎǐ
FRVJMJCSBUJPO 8IJMF UIFTF QPMBSJ[BUJPOT BSF QSFTVNBCMZ UPP TNBMM GPS QSBDUJDBM VTF UIF SFTVMUT
EFNPOTUSBUF UIBU OBOPQBSUJDMFT DBO CF TVDDFTTGVMMZ USBOTQPSUFE UISPVHI MBSHF NBHOFUJD BOE UFN
QFSBUVSF HSBEJFOUT XJUIPVU B TJHOJėDBOU MPTT PG BO FOIBODFE QPMBSJ[BUJPO 4JHOJėDBOUMZ IJHIFS OV
DMFBS QPMBSJ[BUJPOT 	FYDFFEJOH ƥƤƨ
 BSF FYQFDUFE VTJOH %/1 XJUI DPSSFTQPOEJOH JNQSPWFNFOUT
JO JNBHF SFTPMVUJPO BOE DPOUSBTU <ǎǉ ǉǊǎ> 0QUJNJ[JOH%/1 UP BDIJFWF IJHI QPMBSJ[BUJPO XJMM UIF
TVCKFDU PG GVUVSF XPSL *O DPODMVTJPO UIF EBUB QSFTFOUFE IFSF BSF OFDFTTBSZ GPS FTUBCMJTIJOH UIF
VUJMJUZ PG 4J OBOPQBSUJDMFT BT B ĚFYJCMF QMBUGPSN GPS JNBHJOH BHFOUT JO .3*
"ķĿłŃŌŀĹĸĻŁĹłŉň
8F UIBOL % $ #FMM ' ,VFNNFUI 5 ' ,PTBS $ -BSB % 3FFWFT 4 3PESJRVFT BOE + 3
8JMMJBNT GPS UFDIOJDBM DPOUSJCVUJPOT BOE % + 3FJMMZ $ 'BSSBS BOE # 3PTFO GPS WBMVBCMF EJTDVT
TJPOT ĉJT XPSL XBT TVQQPSUFE CZ UIF /*) VOEFS HSBOU 3Ǌǉ &#ǈǈǏǌǐǎǈǉ"ǉ 6Ǎǌ $"ǉǉǑǋǋǍ
3ǈǉ $"ǉǊǌǌǊǏ BOE CZ UIF /4' UISPVHI UIF )BSWBSE /4&$ 1BSU PG UIJT XPSL XBT QFSGPSNFE BU
UIF )BSWBSE $FOUFS GPS /BOPTDBMF 4ZTUFNT 	$/4
 B NFNCFS PG UIF /BUJPOBM /BOPUFDIOPMPHZ
*OGSBTUSVDUVSF /FUXPSL 	//*/
 XIJDI JT TVQQPSUFE CZ UIF /BUJPOBM 4DJFODF 'PVOEBUJPO VOEFS
/4' BXBSE OP &$4ǈǋǋǍǏǎǍ
ǎǑ
4
.BHOFUJD 'JFME%FQFOEFODF PG UIF%FDBZ PG
/VDMFBS )ZQFSQPMBSJ[BUJPO JO 4JMJDPO
.JDSPQBSUJDMFT
8F JOWFTUJHBUF UIF MPXėFME SFMBYBUJPO PG OVDMFBS IZQFSQPMBSJ[BUJPO JO VOEPQFE BOE IJHIMZ EPQFE TJMJDPO
NJDSPQBSUJDMFT BU SPPN UFNQFSBUVSF GPMMPXJOH SFNPWBM ěPN IJHI ėFME 'PS OPNJOBMMZ VOEPQFE QBSUJDMFT
UXP SFMBYBUJPO UJNF TDBMFT BSF JEFOUJėFE GPS BNCJFOU ėFMET BCPWF ȔȖ N5 ĉF TMPXFS 5ƥ,T JT SPVHIMZ
JOEFQFOEFOU PG BNCJFOU ėFME UIF GBTUFS 5ƥ,G  EFDSFBTFT XJUI JODSFBTJOH BNCJFOU ėFME " NPEFM JO XIJDI
Ǐǈ
OVDMFBS TQJO SFMBYBUJPO PDDVST BU UIF QBSUJDMF TVSGBDF WJB B UXPFMFDUSPO NFDIBOJTN JT TIPXO UP CF JO
HPPE BHSFFNFOU XJUI UIF FYQFSJNFOUBM EBUB QBSUJDVMBSMZ UIF ėFMEJOEFQFOEFODF PG 5ƥ,T 'PS CPSPOEPQFE
QBSUJDMFT B TJOHMF SFMBYBUJPO UJNF TDBMF JT PCTFSWFE ĉJT TVHHFTUT UIBU GPS EPQFE QBSUJDMFT NPCJMF DBSSJFST
BOE CVML JPOJ[FE BDDFQUPS TJUFT SBUIFS UIBO QBSBNBHOFUJD TVSGBDF TUBUFT BSF UIF EPNJOBOU SFMBYBUJPO
NFDIBOJTNT 3FMBYBUJPO UJNFT GPS UIF VOEPQFEQBSUJDMFT BSF OPU BĎFDUFE CZ UVNCMJOH JO B MJRVJE TPMVUJPOǮ
ǌǉ *łŉŇŃĸŊķŉĽŃł
4ĽŀĽķŃł ļĵň ŀŃłĻ ĶĹĹł ĵ ňŉĵńŀĹ PG UIF NJDSPFMFDUSPOJDT JOEVTUSZ BOE TP IBT CFFO UIF TVCKFDU
PG JOUFOTF NBUFSJBMT SFTFBSDI *O SFDFOU ZFBST OBOPTDBMF TJMJDPO IBT BĨSBDUFE BĨFOUJPO EVF UP JUT
VOJRVF FMFDUSPOJD BOE PQUJDBM QSPQFSUJFT <ǉǋǍmǉǋǏ> BOE BT B QPUFOUJBM BHFOU GPS NFEJDBM JNBHJOH
BOE ESVH EFMJWFSZ <ǋǐ ǋǑ ǉǋǐ> 4QJO QIFOPNFOB JO TJMJDPO IBT CFFO JOWFTUJHBUFE VTJOH OVDMFBS
NBHOFUJD SFTPOBODF 	/.3
 GPS PWFS B IBMGDFOUVSZ <ǏǑ ǐǉ ǑǑ ǉǈǉ ǉǈǐ ǉǋǑmǉǌǉ> XIJMF NB
UFSJBM QSPQFSUJFT BOE GBCSJDBUJPO IBT DPOUJOVBMMZ EFWFMPQFE 'PS JOTUBODF UIF OVDMFBS TQJOMBĨJDF
SFMBYBUJPO UJNF 5ƥ QSPWJEFT JOGPSNBUJPO BCPVU EPQBOUT BOE JNQVSJUJFT <ǏǑ ǑǑ ǉǈǉ> /PUBCMZ
UIF MPX OBUVSBM BCVOEBODF 	ǌǏƻ
 PG TQJOǉǊ Ʀƭ4J OVDMFJ JO B MBĨJDF PG [FSP TQJO OVDMFJ MFBET UP
5ƥ PG NBOZ IPVST <ǏǑ ǉǋǐ> BOE DPIFSFODF UJNFT VQ UP UFOT PG TFDPOET <ǉǌǉ> JO VOEPQFE CVML
DSZTUBMMJOF TJMJDPO
ĉFTF SFNBSLBCMF /.3 QSPQFSUJFT IBWF TUJNVMBUFE JOUFSFTU JO TJMJDPO BT B QMBUGPSN GPS TPMJE
TUBUF RVBOUVN DPNQVUJOH <ǉǌǊmǉǌǌ> BOE BT B MPOHMJWFE JNBHJOH BHFOU GPS IZQFSQPMBSJ[FE NBH
OFUJD SFTPOBODF JNBHJOH 	.3*
 <ǉǋǐ> *O QBSUJDVMBS UIFSF IBWF CFFO SFOFXFE FĎPSUT UP VOEFS
TUBOE EZOBNJD OVDMFBS QPMBSJ[BUJPO 	%/1
 B QSPDFTT XIFSF TBUVSBUJPO PS QVNQJOH PG QBSBNBH
OFUJD JNQVSJUZ TUBUFT CZNJDSPXBWF ėFMET PS PQUJDBM JMMVNJOBUJPO DBO MFBE UP OVDMFBS TQJO QPMBSJ[B
UJPOT PSEFST PG NBHOJUVEF MBSHFS UIBO UIFSNBM FRVJMJCSJVN QPMBSJ[BUJPOT <ǐǋ ǐǌ ǉǈǎ ǉǊǐ ǉǌǍ>
ǮĉJT DIBQUFS JT SFQSPEVDFE XJUI QFSNJTTJPO GSPN UIF NBOVTDSJQU %FDBZ PG OVDMFBS IZQFSQPMBSJ[BUJPO JO TJMJDPO
NJDSPQBSUJDMFT XJUI BVUIPST . -FF . $ $BTTJEZ $ 3BNBOBUIBO BOE $ . .BSDVT QVCMJTIFE JO 1IZT 3FW #
ǐǌ ǈǋǍǋǈǌ 	Ǌǈǉǉ
 $PQZSJHIU 	Ǌǈǉǉ
 CZ UIF "NFSJDBO 1IZTJDBM 4PDJFUZ
Ǐǉ
&OIBODJOH QPMBSJ[BUJPO CZ UIFTF NFUIPET JT DPNNPOMZ SFGFSSFE UP BT IZQFSQPMBSJ[BUJPO
"QQMJDBUJPO PG TJMJDPO BT B IZQFSQPMBSJ[FE JNBHJOH BHFOU GPS .3* SFRVJSFT BO VOEFSTUBOEJOH
OVDMFBS TQJO SFMBYBUJPO PWFS B CSPBE SBOHF PG BQQMJFE ėFMET GSPN IJHI ėFMET XIFSF QPMBSJ[BUJPO JT
JOEVDFE BOE JNBHFE UP MPX ėFMET XIFSF UIF BHFOU JT USBOTGFSSFE GSPN UIF QPMBSJ[FS BOE BENJO
JTUFSFE 1SFWJPVT EFUBJMFE TUVEJFT IBWF GPDVTTFE PO MPXUFNQFSBUVSFT JOWFTUJHBUJOH UIF EFQFO
EFODF PG 5ƥ PO BQQMJFE NBHOFUJD ėFME EPQJOH <ǉǌǎmǉǌǐ> BOE TUSBJO <ǉǌǑ> *U XBT GPVOE UIBU 5ƥ
JODSFBTFE XJUI BQQMJFE NBHOFUJD ėFME XIJDI XBT FYQMBJOFE JO UFSNT PG UIF ėFME EFQFOEFODF PG
FMFDUSPOOVDMFBS EJQPMFEJQPMF JOUFSBDUJPO ĉF OVDMFBS 5ƥ XBT BMTP TIPXO UP TDBMF JOWFSTFMZ XJUI
UIF DPODFOUSBUJPO PG NPCJMF DBSSJFST <ǏǑ ǉǈǉ> *O TJMJDPO OBOPQBSUJDMFT UIF PCTFSWFE JODSFBTF JO
OVDMFBS5ƥ XJUI JODSFBTJOH QBSUJDMF TJ[F XBT BĨSJCVUFE UP EJĎVTJPONFEJBUFE SFMBYBUJPO WJB EFGFDUT
BU UIF QBSUJDMF TVSGBDF <ǉǋǐ> 3FDFOUNFBTVSFNFOUT IBWF TIPXO UIBU UIF SFMBYBUJPO BOE DPIFSFODF
UJNFT PG Ƨƥ1 EPOPSCPVOE FMFDUSPO TQJO BSF ESBNBUJDBMMZ SFEVDFE OFBS UIF TJMJDPO TVSGBDF EVF UP 1C
EFGFDUT JO DPNQBSJTPO UP LOPXO WBMVFT JO UIF CVML <ǉǍǈ> 4UVEJFT PG FMFDUSJDBMMZ <ǉǈǐ> BOE PQUJ
DBMMZ <ǉǌǈ>EFUFDUFEIZQFSQPMBSJ[BUJPOPG Ƨƥ1EPOPSOVDMFBS TQJOTOFBS UIF TJMJDPO TVSGBDF IPXFWFS
EP OPU DPOTJEFS FĎFDUT PG UIF TVSGBDF PO OVDMFBS TQJO SFMBYBUJPO
*O UIJT $IBQUFS XF JOWFTUJHBUF UIF EFDBZ PG IZQFSQPMBSJ[BUJPO PG Ʀƭ4J OVDMFJ JO TJMJDPONJDSPQBS
UJDMFT BU SPPN UFNQFSBUVSF BOE MPX BNCJFOUNBHOFUJD ėFMET ĉF IZQFSQPMBSJ[BUJPO GPS UIJT FYQFS
JNFOUXBT JOEVDFE CZXBJUJOH GPS OVDMFBS TQJOT UP GVMMZ SFMBY UP UIFSNBM FRVJMJCSJVN JO B IJHIėFME
SPPN UFNQFSBUVSF QPMBSJ[JOH FOWJSPONFOU QSJPS UP UIF QMBDFNFOU PG TBNQMF JO UIF MPXėFME EF
QPMBSJ[JOH FOWJSPONFOU ĉVT UIF TBNQMF XBT LFQU BU SPPN UFNQFSBUVSF BU BMM UJNFT FOTVSJOH
UIBU UIF BQQMJFE NBHOFUJD ėFME OPU TBNQMF UFNQFSBUVSF XBT SFTQPOTJCMF GPS BMM NFBTVSFE FĎFDUT
PO MPXėFME OVDMFBS TQJO SFMBYBUJPO UIBU BSF SFQPSUFE IFSF 8F ėOE UIF EFDBZ JT CJFYQPOFOUJBM
XJUI B TMPX UJNF TDBMF UIBU JT JOEFQFOEFOU PG BNCJFOU ėFME BOE B GBTU UJNF TDBMF UIBU TIPXT POMZ
B NPEFTU EFDSFBTF XJUI JODSFBTJOH BNCJFOU ėFME 8F EFWFMPQ B NPEFM PG OVDMFBS TQJO SFMBYBUJPO
JO TJMJDPO QBSUJDMFT UIBU UBLFT JOUP BDDPVOU UIF IFUFSPHFOFPVT NBLFVQ PG UIF TBNQMF XJUI EJSFDU
OVDMFBS SFMBYBUJPOPDDVSSJOH POMZ OFBS UIF TVSGBDF XIJMF OVDMFJ JO UIF QBSUJDMF DPSF BSF SFMBYFE JOEJ
ǏǊ
SFDUMZ CZ TQJO EJĎVTJPO ĉJTNPEFM FYUFOET B QSFWJPVT TQJO EJĎVTJPONPEFM <ǉǊǐ> XIJDI QSFEJDUT
5ƥ JODSFBTJOH XJUI UIF TRVBSF PG UIF QBSUJDMF EJBNFUFS 8F ėOE UIBU UIF XFBL NBHOFUJD ėFME EF
QFOEFODF PCTFSWFE FYQFSJNFOUBMMZ JT JODPOTJTUFOU XJUI B TJNQMF FYUFOEFE TQJOEJĎVTJPO NPEFM
CBTFE PO SFMBYBUJPO PO JOEJWJEVBM CPVOE FMFDUSPOT )PXFWFS CZ HFOFSBMJ[JOH UIF NPEFM GVSUIFS
UP JODMVEF OVDMFBS TQJO SFMBYBUJPO NFEJBUFE CZ QBJST PG EJQPMBSDPVQMFE FMFDUSPOT UIF FTTFOUJBMMZ
ėFMEJOEFQFOEFOU SFMBYBUJPO JT SFDPWFSFE CZ UIF NPEFM <ǑǊ ǉǈǈ ǉǍǉ ǉǍǊ> ĉF FYQFSJNFOUBM
NFUIPET QSFTFOUFE IFSF BT XFMM BT UIF VTF PG NBHOFUJD ėFME EFQFOEFODF PG OVDMFBS 5ƥ BT B QSPCF
GPS UFTUJOH UIF SFMBUJWF JNQPSUBODF PG UIFTF EJĎFSFOU NPEFM QSPDFTTFT IBWF QSFDFEFOU JO B TJNJMBS
JOWFTUJHBUJPO QFSGPSNFE PO EJBNPOE BOE JUT ƥƧ$ OVDMFBS TQJO SFMBYBUJPO <ǑǊ ǉǍǋ ǉǍǌ>
ǌǊ 4ĵŁńŀĹň ĵłĸ ĹŎńĹŇĽŁĹłŉĵŀ ŁĹŉļŃĸň
.JDSPQBSUJDMFTNBEF GSPN OPNJOBMMZ VOEPQFE BOE CPSPOEPQFE CBMMNJMMFE 4J XBGFST XFSF JOWFT
UJHBUFE "T TIPXO QSFWJPVTMZ <ǉǋǐ> VOEPQFE 4J NJDSPQBSUJDMFT IBWF WFSZ MPOH IJHIėFME SFMBY
BUJPO UJNFT 	5ƥ ∼ ƥƤƨ T
 SFMFWBOU GPS IZQFSQPMBSJ[FE .3* 6OEPQFE TBNQMFT XFSF QSPEVDFE CZ
CBMMNJMMJOH IJHISFTJTUJWJUZ 	 ǉǈ Lϕ·DN
 ĚPBU[POF 4J XBGFST 	4JMJDPO 2VFTU *OUFSOBUJPOBM
 GPM
MPXFE CZ TJ[F TFQBSBUJPO CZ DFOUSJGVHBM TFEJNFOUBUJPO ZJFMEJOH B NFBO QBSUJDMF EJBNFUFS PG Ǎ ӉN
<ǉǋǐ> #PSPOEPQFE 4J NJDSPQBSUJDMFT XJUI EPQJOH EFOTJUZ ∼ Ʃ × ƥƤƥƬ DN−Ƨ IBWF NVDI GBTUFS
OVDMFBS TQJO SFMBYBUJPO 5ƥ ∼ ƥƤƦ T BU IJHI NBHOFUJD ėFME ĉF CPSPOEPQFE NJDSPQBSUJDMFT XFSF
QSPEVDFE CZ CBMMNJMMJOH $[PDISBMTLJHSPXO 4J XBGFST 	7JSHJOJB 4FNJDPOEVDUPS SFTJTUJWJUZ ǈǈǉ
ǈǈǊ ϕ·DN
 GPMMPXFE CZ TJ[F TFQBSBUJPO ZJFMEJOH B NFBO QBSUJDMF EJBNFUFS PO UIF PSEFS PG ǉǈ ӉN
&YDFQU XIFSF OPUFE TBNQMFT DPOTJTUFE PG B ǈǉ N- UFĚPO UVCF ėMMFE XJUI QBSUJDMFT "MM /.3
NFBTVSFNFOUT XFSF DBSSJFE PVU BU #Ƥ = Ʀ.ƭ 5 VTJOH B DVTUPNCVJMU QSPCF BOE TQFDUSPNFUFS
1PMBSJ[BUJPO BU ǊǑ 5 GPMMPXJOH B TBUVSBUJPO TFRVFODF PG TJYUFFO Ӎ/Ʀ QVMTFT XBT NFBTVSFE BT B
GVODUJPO PG UJNF UQPM VTJOH B $BSS1VSDFMM.FJCPPN(JMM 	$1.(
 TFRVFODF <ǑǎmǑǐ> (Ӎ/Ʀ)9 −
[U/Ʀ− (Ӎ): − U/Ʀ− FDIP]O XJUI U = ƥ NT BOE O = ƨƤƤ "ěFS FBDI EBUB QPJOU UIF TBNQMF XBT
SFTBUVSBUFE BOE UIF NFBTVSFNFOU SFQFBUFE "T TFFO JO 'JH ǌǋǉ	B
 BOE 'JH ǌǋǌ	B
 UIF CVJME
Ǐǋ
VQ PG QPMBSJ[BUJPO JT XFMM EFTDSJCFE CZ B TJOHMF FYQPOFOUJBM GVODUJPO PG UQPM GPS CPUI VOEPQFE BOE
EPQFE TBNQMFT
%FQPMBSJ[BUJPO BU MPX BNCJFOU ėFMET XBT NFBTVSFE BěFS ėSTU QPMBSJ[JOH BU ǊǑ 5 GPS ǐ I 	∼ Ƨ5ƥ
BU ǊǑ 5
 UIFO SBJTJOH UIF QSPCF PVU PG UIF NBHOFU CPSF UP B QPTJUJPO XIFSF BNCJFOU 	PS IPMEJOH

ėFMET PG ǈǊ N5 ǎ N5 ǉǋǈ N5 BOE ǋǈǈ N5 IBE CFFO QSFWJPVTMZ DBMJCSBUFE VTJOH B -BLFTIPSF
ǌǎǈ HBVTTNFUFS *O BEEJUJPO B OPNJOBM [FSPėFME NFBTVSFNFOU VTFE B DPNNFSDJBM [FSPHBVTT
DIBNCFS 	-BLFTIPSF ǌǈǎǈ
 XJUI BNCJFOU ėFME CFMPX ƥ Ӊ5 'PMMPXJOH EFQPMBSJ[BUJPO JO BNCJFOU
ėFME UIF TBNQMF XBT SFUVSOFE UP ėFME DFOUFS 	ǊǑ 5
 BOE UIF SFNBJOJOH OVDMFBS QPMBSJ[BUJPO XBT
NFBTVSFE VTJOH UIF $1.( TFRVFODF EFTDSJCFE BCPWF ĉF USBOTJU UJNF CFUXFFO QPTJUJPOT XBT
∼ Ʃ T GBTU DPNQBSFE UP 5ƥ CVU TMPX DPNQBSFE UP OVDMFBS -BSNPS UJNFT ĉF TBNQMF XBT GVMMZ
SFQPMBSJ[FE GPMMPXJOH FBDI EBUB QPJOU
*O BEEJUJPO UP /.3 NFBTVSFNFOUT SPPN UFNQFSBUVSF FMFDUSPO TQJO SFTPOBODF 	&43
 NFB
TVSFNFOUT XFSF DBSSJFE PVU UP DIBSBDUFSJ[F FMFDUSPOJD EFGFDUT BOE DBSSJFST PG UIF UXP TBNQMF UZQFT
ĉF &43 TQFDUSVN PG UIF VOEPQFE TBNQMF TIPXFE B TJOHMF QFBL BU # = ƧƦƨ N5 NFBTVSFE BU
&43 GSFRVFODZ G = ƭ.Ƥƭƭ ()[ DPSSFTQPOEJOH UP B HGBDUPS DFOUFSFE BU Ǌǈǈǎ XJUI B MJOFXJEUI
PG ǈǌǏ N5ĉF &43 TQFDUSVN PG UIF CPSPOEPQFE TBNQMF TIPXFE B TJOHMF QFBL BU # = ƧƧƪ N5
NFBTVSFE BU &43 GSFRVFODZ G = ƭ.ƨƨƨ ()[ BHBJO DPSSFTQPOEJOH UP B HGBDUPS PG Ǌǈǈǎ " H
GBDUPS PG Ǌǈǈǎ JT DPOTJTUFOU XJUI SFQPSUFE WBMVFT GPS 1C EFGFDUT BU UIF 4J4J0Ʀ JOUFSGBDF BOE JT OPU
DPOTJTUFOU XJUI HGBDUPST PG PUIFS DPNNPO EPQBOUT PS PYJEF TUBUFT <Ǒǋ ǉǋǊ>
'PS FBDI TBNQMF BO FTUJNBUFPG UIF FMFDUSPO TQJO DPODFOUSBUJPOPO UIFQBSUJDMF TVSGBDFXBTNBEF
CZ UBLJOH &43 TQFDUSB XJUI B QJFDF PG QIPTQIPSVTEPQFE TJMJDPO XBGFS 	ǈǈǉ− ǈǉ ϕ·DN
 BMTP JO
TFSUFE JO UIF TQFDUSPNFUFS DBWJUZ ĉF BEEJUJPO PG UIF XBGFS QJFDF SFTVMUFE JO UIF BQQFBSBODF PG
BEEJUJPOBM &43 TJHOBM EVF UP UIF OUZQF EPQJOH $PNQBSJOH UIF QFBL BSFBT BOE VTJOH UIF LOPXO
EPQJOH MFWFM PG UIF XBGFS QJFDF ZJFMEFE BO PSEFSPGNBHOJUVEF FTUJNBUF PG UIF NFBO WPMVNF EFO
TJUZ PG EFGFDU TQJOT XIJDI XBT∼ ƥƤƥƬ DN−Ƨ JO CPUI TBNQMFT "TTVNJOH B TVSGBDFUPWPMVNF SBUJP
PG ǋǈǈONSBEJVT TQIFSFT UIJTNFBO WPMVNFEFOTJUZ DPSSFTQPOET UP B TVSGBDF EFGFDU DPODFOUSBUJPO
Ǐǌ
PG ƥƤƥƧ DN−Ʀ
ǌǋ 3ĹňŊŀŉň
ǌǋǉ 6łĸŃńĹĸ ŁĽķŇŃńĵŇŉĽķŀĹň ŁĹĵňŊŇĹŁĹłŉň
1PMBSJ[BUJPO BOE EFQPMBSJ[BUJPO EBUB GPS UIF VOEPQFE NJDSPQBSUJDMFT BSF TIPXO JO 'JH ǌǋǉ 1P
MBSJ[BUJPO JT XFMM EFTDSJCFE CZ B TJNQMF FYQPOFOUJBM
1 = 1Ƥ,#Ƥ
(
ƥ− F−UQPM/5ƥ) , 	ǌǉ

XJUI CFTUėU WBMVF5ƥ = ƬƦƤƤ±ƪƤƤ T DPOTJTUFOUXJUI QSFWJPVTNFBTVSFNFOUT <ǉǋǐ> &RVJMJCSJVN
QPMBSJ[BUJPO JT TNBMM1Ƥ,#Ƥ = UBOI[(!ҽO#Ƥ)/(ƦL#5)] = Ʀ×ƥƤ−ƪ )FSF L# JT #PMU[NBOO DPOTUBOU
5 = ƧƤƤ , JT SPPN UFNQFSBUVSF BOE ҽO = Ʃ.Ƨƥ × ƥƤƫ T−ƥ 5−ƥ JT UIF OVDMFBS HZSPNBHOFUJD SBUJP
GPS Ʀƭ4J
*O DPOUSBTU UP UIF CVJMEVQ PG QPMBSJ[BUJPO BU ǊǑ 5 EFQPMBSJ[BUJPO BU MPX BNCJFOU ėFMET #EFQ
EFDBZT XJUI UXP EJTUJODU UJNF TDBMFT XIJDI XF DIBSBDUFSJ[F VTJOH B CJFYQPOFOUJBM GPSN
1 = 1Ƥ,#EFQ +
(
1Ƥ,#Ƥ − 1Ƥ,#EFQ
)
	ǌǊ

× ((ƥ− һ)F−UEFQ/5ƥ,G + һF−UEFQ/5ƥ,T) ,
XIFSF5ƥ,G BOE5ƥ,T BSF GBTU BOE TMPX SFMBYBUJPO UJNFT BOE һ JT UIF GSBDUJPO PG TQJOT XIPTF QPMBSJ[B
UJPO EFDBZT TMPXMZ #FTUėU WBMVFT PG һ 5ƥ,G BOE 5ƥ,T BSF TIPXO JO 5BCMF ǌǋǉ /PUF UIBU UIF TMPX
SFMBYBUJPO UJNF EFQFOET WFSZ XFBLMZ PO #EFQ XJUI 5ƥ,T ∼ ƥ.ƨ  ƥ.Ʃ× ƥƤƧ T JO BMM DBTFT *O DPOUSBTU
GBTU SFMBYBUJPO CFDPNFT TPNFXIBU GBTUFS 	TIPSUFS 5ƥ,G
 XJUI JODSFBTJOH #EFQ XIJMF UIF GSBDUJPO PG
TMPX SFMBYFST JODSFBTFT
*OTJEF UIF [FSPHBVTT DIBNCFS UIF SFTJEVBM BNCJFOU NBHOFUJD ėFME JT TQFDJėFE UP CF CFMPX
ǏǍ
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 6 mT
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6B;m`2 9XjXR, _2HtiBQM Q7 Mm+H2` bTBM TQH`BxiBQM Q7 mM/QT2/ bBHB+QM T`iB+H2bX UV _2+Qp@
2`v Q7 bTBM TQH`BxiBQM 7QHHQrBM; bim`iBQM i #Ƥ = kXN hX U#V .2+v Q7 Mm+H2` K;M2iBx@
iBQM i #EFQ = yXk Kh U+B`+H2bV- e Kh UQT2M b[m`2bV- M/ jyy Kh Ui`BM;H2bV- 7i2` TQH`@
BxiBQM i kXN h- M/ bK2 /i 7Q` T`iB+H2b bmbT2M/2/ BM K2i?MQH i e Kh U}HH2/ b[m`2bVX
*m`p2b b?Qr #2bi }ib iQ 1[X RX LQ bB;MH rb Q#b2`p2/ 7i2` R b2+QM/ 7Q` /i iF2M BM i?2
x2`Q@}2H/ +?K#2` UI RӉhVX
Ǐǎ
#EFQ һ 5ƥ,G 	T
 5ƥ,T 	T

ǋǈǈ N5 Ƥ.ƫƪƩ± Ƥ.ƤƦƫ ƩƧƥ± ƥƫƭ ƥƧƬƩƤ± ƥƤƧƤ
ǎ N5 Ƥ.ƩƭƧ± Ƥ.ƤƩƤ ƭƤƧ± ƦƧƦ ƥƩƧƥƤ± ƦƤƫƤ
ǈǊ N5 Ƥ.Ʃƭƥ± Ƥ.ƥƦƤ ƥƥƦƨ± Ʃƨƨ ƥƨƭƥƤ± ƩƧƪƤ
 ǉ Ӊ5 < ƥ
h#H2 9XjXR, 1tTQM2MiBH r2B;?ib M/ `2HtiBQM iBK2b }iiBM; iQ 2tT2`BK2MiH /iX 5ƥ,G M/
5ƥ,T `2 7bi M/ bHQr `2HtiBQM iBK2b rBi? r?B+? irQ //BiBp2 +QKTQM2Mib Q7 i?2 bTBM TQH`@
BxiBQM /2+vX һ Bb i?2 `2HiBp2 KTHBim/2 Q7 i?2 +QKTQM2Mi r?B+? /2+vb i 5ƥ,TX
UIF GFXӉ5 TDBMF NVDI XFBLFS UIBO UIF UZQJDBM OVDMFBS EJQPMBS ėFME #O,EE ∼ ӉƤӉO/(ƨӍBƧ) =
Ƥ.ƤƬ N5 XIFSF B ∼ ƨ ª JT UIF NFBO TFQBSBUJPO CFUXFFO SBOEPNMZ EJTUSJCVUFE Ʀƭ4J OVDMFJ "U
TVDI FYUSFNFMZ MPX ėFMET TQJO USBOTJUJPOT XJMM PDDVS UIBU BSF GPSCJEEFO XIFO # > #O CZ UIF DPO
TFSWBUJPO PG OVDMFBS ;FFNBO FOFSHZ BOE OVDMFBS TQJO SFMBYBUJPO JT BT GBTU BT EFDPIFSFODF <Ǒǌ> "T
FYQFDUFE XF ėOE UIBU JO UIF [FSPHBVTT DIBNCFS OVDMFBS QPMBSJ[BUJPO EFDBZT WFSZ RVJDLMZ XJUI
OP WJTJCMF TJHOBM GPS UEFQ > ƥ T
5P JOWFTUJHBUF UIF FĎFDU PG NJDSPQBSUJDMF UVNCMJOH PO EFQPMBSJ[BUJPO B ĚVJE NJYUVSF PG POF
QBSU 4J NJDSPQBSUJDMFT BOE GPVS QBSUT NFUIBOPM CZ XFJHIU XBT DPNQBSFE UP B TBNQMF PG QBDLFE ESZ
QPXEFS %FQPMBSJ[BUJPO UJNFT BU ǎN5BNCJFOU ėFME TIPXFE OP TJHOJėDBOU EJĎFSFODF JO SFMBYBUJPO
UJNFT
ǌǋǊ 6łĸŃńĹĸ ŁĽķŇŃńĵŇŉĽķŀĹň ŁŃĸĹŀ
8F JOUFSQSFU /.3 BOE &43 EBUB GPS UIF VOEPQFENJDSPQBSUJDMFT XJUIJO BNPEFM TIPXO TDIFNBU
JDBMMZ JO 'JH ǌǋǊ DPNQSJTJOH OVDMFBS EJQPMBS EJĎVTJPO JO B DPSF SFHJPO BOE SFMBYBUJPO WJB QBSB
NBHOFUJD TJUFT JO B TIFMM SFHJPO OFBS UIF 4J4J0Ʀ JOUFSGBDF *O VOEPQFE TJMJDPO EJSFDU DPVQMJOH PG
Ʀƭ4J OVDMFBS TQJOT UP QIPOPOT JT XFBL <ǑǑ ǉǈǈ> BOE EJQPMBS DPVQMJOH UP QBSBNBHOFUJD JNQVSJUJFT
BOE EFGFDUT UZQJDBMMZ EPNJOBUFT OVDMFBS TQJO SFMBYBUJPO 8JUIJO PVS NPEFM UIF CJFYQPOFOUJBM
GPSN PG &R ǉ SFĚFDUT UIF FYJTUFODF PG UXP QPQVMBUJPOT PG OVDMFBS TQJOT XJUIJO FBDINJDSPQBSUJDMF
B GSBDUJPO һ MPDBUFE JO UIF DPSF PG UIF QBSUJDMF IBT B MPOH TQJO SFMBYBUJPO UJNF 5ƥ,T NFEJBUFE CZ
ǏǏ
OVDMFBS TQJO EJĎVTJPO UIF SFNBJOJOH GSBDUJPO (ƥ − һ) MPDBUFE XJUIJO B TIFMM OFBS UIF 4J4J0Ʀ JO
UFSGBDF IBT B TIPSU SFMBYBUJPO UJNF 5ƥ,G NFEJBUFE CZ FMFDUSPOOVDMFBS TQJO JOUFSBDUJPO BTTPDJBUFE
XJUI QBSBNBHOFUJD DFOUFST BU UIF 4J4J0Ʀ JOUFSGBDF
diffusion barrier
SiO2
29Si in Si core region
29Si in Si shell region
paramagnetic centers
direct relaxation
la
tti
ce
nuclear spin diffusion
6B;m`2 9XjXk, JQ/2H b?QrBM; i?2 bTBM `2b2`pQB`b M/ `2HtiBQM Ti?rvb BM mM/QT2/ bBHB@
+QM T`iB+H2bX Lm+H2B BM i?2 +Q`2 `2;BQM Q7 i?2 T`iB+H2 `2Ht #v i`Mb72``BM; i?2B` K;M2iBx@
iBQM iQ i?2 Mm+H2B BM i?2 b?2HH `2;BQM- M2`2` iQ i?2 bm`7+2- #v bTBM /BzmbBQMX h?2 Mm+H2B M2`
i?2 bm`7+2 +M `2Ht [mB+FHv /m2 iQ bi`QM; /BTQH` +QmTHBM; iQ T`K;M2iB+ /272+ib i i?2
aBfaBPƦ BMi2`7+2X
'PS #EFQ > #O,EE UIF OVDMFBS EJQPMBS TQJO EJĎVTJPO SBUF JT JOEFQFOEFOU PG NBHOFUJD ėFME <ǐǌ>
BOE JT XFMM EFTDSJCFE CZ B EJĎVTJPO DPOTUBOU% = 8BƦ ∼ BƦ/(ƩƤ5Ʀ) XIFSF8 JT UIF QSPCBCJMJUZ
PG B ĚJQĚPQ USBOTJUJPO CFUXFFO OVDMFJ EVF UP EJQPMFEJQPMF JOUFSBDUJPO BOE 5Ʀ JT UIF OVDMFBS EF
DPIFSFODF UJNF <ǉǈǈ> ĉJT JT DPOTJTUFOU XJUI PVS PCTFSWBUJPO UIBU 5ƥ,T JT SPVHIMZ JOEFQFOEFOU PG
#EFQ BDSPTT B CSPBE SBOHF PG WBMVFT
ĉF UIJDLOFTT PG UIF TIFMM SFHJPO JT TFU CZ UIF OVDMFBS TQJO EJĎVTJPO SBEJVT Ҽ = ($/%)ƥ/ƨ
XIFSF$ JT B DPOTUBOU EFTDSJCJOH UIF OBUVSF PG UIF EJQPMBS JOUFSBDUJPO PDDVSSJOH CFUXFFO UIF OVDMFJ
BOE FMFDUSPOT /VDMFJ TJUVBUFE BU B EJTUBODF S GSPN UIF FMFDUSPOT BU UIF QBSUJDMF TVSGBDF NBZ SFMBY
UISPVHI B EJQPMBS JOUFSBDUJPO XJUI UIF FMFDUSPOT BU B SBUF∝ $/Sƪ <ǉǈǈ>
8F DPOTJEFS UXP QIZTJDBM NFDIBOJTNT PG SFMBYBUJPO JO TIFMM SFHJPO POF JO XIJDI FBDI OVDMFBS
TQJO JOUFSBDUT XJUI B TJOHMF FMFDUSPO TQJO BOE UIF PUIFS JO XIJDI FBDI OVDMFBS TQJO JOUFSBDUT XJUI B
QBJS PG FMFDUSPO TQJOT ĉF UXPFMFDUSPONPEFM DBQUVSFT B DSVDJBM QIZTJDBM NFDIBOJTN CZ BMMPXJOH
FOFSHZ NBUDIJOH CFUXFFO FMFDUSPOTQJOQBJS ĚJQĚPQT BOE OVDMFBS TQJOT ĚJQT JO B NBHOFUJD ėFME
Ǐǐ
MFBEJOH UP FđDJFOU OVDMFBS SFMBYBUJPO XJUI XFBL EFQFOEFODF PO NBHOFUJD ėFME
.PEFMJOH OVDMFBS TQJO SFMBYBUJPO BT BSJTJOH GSPN JOUFSBDUJPO XJUI JOEJWJEVBM QBSBNBHOFUJD DFO
UFST JT BQQSPQSJBUF GPS TQBSTFMZ EJTUSJCVUFE JNQVSJUJFT ĉJT SFHJNF IBT CFFO TUVEJFE FYQFSJNFO
UBMMZ GPS JOTUBODF JO EJBNBHOFUJD DSZTUBMT TVDI BT -J' <ǉǍǍ ǉǍǎ> BOE $B'Ʀ <ǉǍǏ> *O UIJT DBTF UIF
PSJFOUBUJPOBWFSBHFE EJQPMF JOUFSBDUJPO TUSFOHUI JT HJWFO CZ
$(ƥF) =
Ƨ
ƥƤ
!ƦҽƦF
5ƥF#ƦEFQ
, 	ǌǋ

XIFSF ҽF JT UIF HZSPNBHOFUJD SBUJP PG UIF FMFDUSPO BOE5ƥF UIF FMFDUSPO TQJOMBĨJDF SFMBYBUJPO UJNF
<ǉǈǈ> ĉJT NPEFM ZJFMET B NBHOFUJD ėFME EFQFOEFODF PG EJĎVTJPOMJNJUFE SFMBYBUJPO 	3* Ҽ
 BU
MFBTU BT TUSPOH BT 5ƥ,T ∝ #ƥ/ƦEFQ CFDBVTF UIF EJĎVTJPO SBEJVT Ҽ BOE SFMBYBUJPO SBUF∝ $ EFQFOE FY
QMJDJUMZ PO ėFME FWFOXIFO% JT ėFME JOEFQFOEFOU <ǉǈǈ ǉǍǏ ǉǍǐ> ĉJT QSFEJDUJPO JT JODPNQBUJCMF
XJUI PVS FYQFSJNFOUBM SFTVMUT XIJDI TIPX B NVDI XFBLFS ėFME EFQFOEFODF
*O MJHIU PG UIJT JODPOTJTUFODZ XF DPOTJEFS B NPEFM PG OVDMFBS SFMBYBUJPO BU UIF QBSUJDMF TVSGBDF
UIBU JODMVEFT UISFFTQJO QSPDFTTFT JOWPMWJOH QBJST PG JOUFSBDUJOH FMFDUSPOT XIJDI HJWFT
$(ƦF) =
Ƨ
ƥƤ
!ƦҽƦF
#ƦEFQ
#ƦEFQҽƦO5ƦF
ƥ+ #ƦEFQҽƦO5ƦƦF
∫ ∞
−∞
H(ӗ)H(ӗ− ӗO)
H(Ƥ)
Eӗ, 	ǌǌ

XIFSF 5ƦF JT UIF FMFDUSPO TQJOTQJO DPVQMJOH BOE H(ӗ) JT UIF OPSNBMJ[FE FMFDUSPO BCTPSQUJPO MJOF
TIBQF GVODUJPO <ǑǊ ǉǍǉ> ĉJT NPEFM IBT CFFO QSFWJPVTMZ BQQMJFE UP TZTUFNT XJUI NPSF DPODFO
USBUFE QBSBNBHOFUJD JNQVSJUJFT JODMVEJOH -BƦ.HƧ(/0Ƨ)ƥƦ · Ʀƨ)Ʀ0<ǉǍǑ ǉǎǈ> BOENPSF SFDFOUMZ
ƥƧ$ OVDMFBS TQJO SFMBYBUJPO JO EJBNPOE <ǑǊ ǉǍǋ> ĉJT NPEFM BDDPVOUT GPS ĚJQĚPQ USBOTJUJPOT
CFUXFFO OFBSCZ FMFDUSPO QBJST PDDVSSJOH PO B UJNF TDBMF 5ƦF + 5ƥF XIJDI QSPWJEF UIF ĚVDUVBU
JOH NBHOFUJD ėFME UIBU DBO ĚJQ OVDMFBS TQJOT ĉBU JT XIFO UIF EJQPMBS DPVQMJOH PG FMFDUSPO QBJST
NBUDIFT UIF OVDMFBS ;FFNBO FOFSHZ B UISFFTQJO JOUFSBDUJPO DBO PDDVS UIBU FYDIBOHFT UIF TQJOT
PG UIF UXP FMFDUSPOT XIJMF ĚJQQJOH B OVDMFBS TQJO <ǉǈǋ> ĉJT QSPDFTT EFQFOET PO UIF EFOTJUZ PG
USBOTJUJPOT CFUXFFO FMFDUSPOJD EJQPMBS FOFSHZ TUBUFT UIBU NBUDI UIF OVDMFBS ;FFNBO FOFSHZ 'PS B
ǏǑ
-PSFOU[JBO FMFDUSPO MJOFTIBQF UIF JOUFHSBM JO 	ǋ
 XIJDI EFTDSJCFT UIF QSPCBCJMJUZ PG ėOEJOH UXP
FMFDUSPOT XJUIJO UIF &43 MJOF EJĎFSJOH JO GSFRVFODZ CZ ӗO DBO CF SFQMBDFE CZ Ʀ/(ƨ+ ӗƦO5ƦƦF) 'PS
MPX #EFQ TVDI UIBU ҽO#EFQ < ҽF#F,EE ∼ 5−ƥƦ,F XIFSF #F,EE JT UIF FMFDUSPOJD EJQPMF ėFME GFMU CZ B
UZQJDBM OVDMFVT UIF EFOTJUZ PG OVDMFBSTQJOĚJQ USBOTJUJPOT XJMM CF JOEFQFOEFOU PG #EFQ IFODF UIF
SBUF PG EJSFDU OVDMFBS TQJO SFMBYBUJPO CZ UIJT QSPDFTT XJMM BMTP CF JOEFQFOEFOU PG #EFQ <ǑǊ ǉǍǉ>
8F JOGFS BO VQQFS CPVOE GPS #F,EE GSPN UIF NFBTVSFE &43 MJOFXJEUI PG ǈǌǏ N5 XIJDI HJWFT
ҽ−ƥO ҽF#F,EE ∼ ƥ.ƫ 5 GPS UIF TDBMF PG #EFQ CFMPX XIJDI OVDMFBS 5ƥ TIPVME CF SPVHIMZ ėFME JOEF
QFOEFOU XJUIJO UIJT UISFFTQJO NPEFM ĉF MPX FOE PG UIF ėFMEJOEFQFOEFOU SBOHF JT TFU CZ UIF
OVDMFBS EJQPMBS ėFME #O,EE ∼ Ƥ.ƤƬN5ĉJT SBOHF JT DPOTJTUFOU XJUI UIF FYQFSJNFOUBM PCTFSWBUJPO
UIBU 5ƥ,T JT SPVHIMZ ėFME JOEFQFOEFOU GSPN ǈǊ N5 UP ǋǈǈ N58FBL ėFME EFQFOEFODFT PG 5ƥ,G BOE
һ BSF MJLFMZ EVF UP UIF XFBL ėFME EFQFOEFODF PG 5ƥF
7FSZ DMPTF UP FBDI QBSBNBHOFUJD JNQVSJUZ OVDMFBS TQJO EJĎVTJPO JT TVQQSFTTFE DSFBUJOH B CBS
SJFS UP EJĎVTJPO PG SBEJVT C = B(!ҽƦF#EFQ/ҽOƦL#5)ƥ/ƨ EVF UP HSBEJFOUT JO UIF OVDMFBS -BSNPS
GSFRVFODZ <ǉǈǈ> ĉJT FĎFDU JT JODMVEFE JO UIF TJNVMBUJPOT 	EFTDSJCFE CFMPX
 CVU CFDBVTF Ҽ* C
JU POMZ XFBLMZ BĎFDUT PWFSBMM SFMBYBUJPO UJNFT
Experiment
Single Electron Model
Two Electron Model
T1,s T1,f
T1,s T1,f
T1,s T1,f
6B;m`2 9XjXj, 1tT2`BK2MiH bHQr U#H+F +B`+H2V M/ 7bi U#H+F i`BM;H2V `2HtiBQM iBK2b- 5ƥ,T
M/ 5ƥ,G- 7`QK h#H2 9XjXR- 7Q` #B@2tTQM2MiBH Mm+H2` bTBM `2HtiBQM- HQM; rBi? bBKmHiBQM
`2bmHib 7Q`  KQ/2H i?i BM+Hm/2b 2Bi?2` QM2@2H2+i`QM Q` irQ@2H2+i`QM T`Q+2bb2bX
ǐǈ
8F IBWF TJNVMBUFE OVDMFBS TQJO SFMBYBUJPO BT B GVODUJPO PG BNCJFOU ėFME GPS B TQIFSJDBM TJMJ
DPO NJDSPQBSUJDMF XJUI OBUJWF Ʀƭ4J DPODFOUSBUJPO BOE QBSBNBHOFUJD TJUFT BU UIF TVSGBDF 'PS CPUI
POF BOE UXP FMFDUSPO QSPDFTTFT UIF BWFSBHF QPMBSJ[BUJPO 1(UEFQ) JT BQQSPYJNBUFMZ CJFYQPOFOUJBM
TJNJMBS UP UIF FYQFSJNFOUBM EBUB 'JUT UP UIF SFMBYBUJPO DVSWFT HBWF 5ƥ,T BOE 5ƥ,G WBMVFT TIPXO JO
'JH ǌǋǋ ĉF QBSUJDMF EJBNFUFS XBT UBLFO UP CF Ǐǈǈ ON TNBMMFS UIBO UIF BDUVBM NFBO QBSUJDMF
TJ[F ĉJT DPNQFOTBUFE UIF TQIFSJDBM BTTVNQUJPO XIJDI HBWF UPP TNBMM PG B TVSGBDF XIFSF EFGFDUT
SFTJEF 0UIFS QBSBNFUFST JO UIF NPEFM XFSF OVDMFBS 5Ʀ PG ǉǈ NT 	BOE DPSSFTQPOEJOH OVDMFBS TQJO
EJĎVTJPO DPOTUBOU ǈǋ ONƦ/T
 FMFDUSPO5ƥF PG Ǌǈǈ OT BOE FMFDUSPO5ƦF PG ǊǍ OT 'JHVSF ǌǋǋ TIPXT
UIF TUSJLJOH DPOUSBTU JO ėFME EFQFOEFODF CFUXFFO UIF UXPNPEFMT BOE UIBU UIF UISFFTQJO QSPDFTT
DPNQBSFT SFMBUJWFMZ XFMM XJUI FYQFSJNFOU
ǌǋǋ 3ĹňŊŀŉň ĺŃŇ ĶŃŇŃłĸŃńĹĸ ŁĽķŇŃńĵŇŉĽķŀĹň
/VDMFBS QPMBSJ[BUJPO BOE EFQPMBSJ[BUJPO PG CPSPOEPQFE 4JNJDSPQBSUJDMFT BSF TIPXO JO 'JH ǌǋǌ
#PUI 1(UQPM) BOE 1(UEFQ) BSF XFMM ėU CZ TJOHMFFYQPOFOUJBM SFMBYBUJPO DVSWFT XJUI UJNF DPOTUBOUT5ƥ
UIBU JODSFBTFT XJUI JODSFBTJOH BNCJFOU ėFME ĉF SFEVDUJPO PG5ƥ CZ ǉǊ PSEFST PGNBHOJUVEF JO UIF
EPQFE DBTF SFĚFDUT UIF EPNJOBOU DPOUSJCVUJPO PG OVDMFBS SFMBYBUJPO GSPN NPCJMF DBSSJFST <ǉǈǉ>
BT XFMM BT GSPN JPOJ[FE BDDFQUPST EJTUSJCVUFE VOJGPSNMZ UISPVHI UIF QBSUJDMF JOTUFBE PG KVTU BU UIF
TVSGBDF 	'JH ǌǋǍ
 CZQBTTJOH UIF SFMBUJWFMZ TMPX OVDMFBS TQJO EJĎVTJPO QSPDFTT
'PS UIF TQFDJėFE EPQBOU EFOTJUZ UIF BWFSBHF EJTUBODF CFUXFFO EPQBOUT JT ∼ Ʀ.Ʃ ON BOE UIF
#PIS SBEJVT∼ ƥ.Ƨ ON <ǉǎǉ> CPUI BO PSEFS PG NBHOJUVEF MFTT UIBO UIF EJĎVTJPO SBEJVT GPS CPUI
TJOHMF FMFDUSPO BOE UXPFMFDUSPO QSPDFTTFT BDSPTT UIF SBOHF PG BNCJFOU ėFMET VOEFS TUVEZ ĉF
DPOUSJCVUJPO PG NPCJMF DBSSJFST DBO CF FYQSFTTFE BT BO BEEJUJPOBM SFMBYBUJPO SBUF XIJDI JT JOEF
QFOEFOU PG NBHOFUJD ėFME 5−ƥƥ,DBSSJFST ∝ /Ƥ"Ʀ XIFSF/Ƥ JT DPODFOUSBUJPO PG NPCJMF DBSSJFST BOE "
JT UIF TUSFOHUI PG UIF IZQFSėOF DPVQMJOH <ǉǈǉ>
ĉF NFBTVSFE 5ƥ JT DPOTJTUFOU XJUI QSFWJPVT SFQPSUT PG OVDMFBS SFMBYBUJPO SBUF EVF UP NPCJMF
ǐǉ
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6B;m`2 9XjX9, Lm+H2` bTBM HiiB+2 `2HtiBQM BM #Q`QM@/QT2/ bBHB+QM KB+`QT`iB+H2bX UV _2@
+Qp2`v Q7 bTBM TQH`BxiBQM 7i2` bim`iBQM i #Ƥ = kXN hX U#V .2+v Q7 Mm+H2` K;M2iBx@
iBQM i #EFQ = e Kh UQT2M b[m`2V- M/ Rjy Kh Ui`BM;H2V- 7i2` TQH`BxiBQM i kXN hX 1``Q`
#`b BM UV `2 /BbTHv2/ #mi bKHH2` i?M i?2 /i TQBMib b?QrMX
29Si nuclei in bulk
la
tti
ce
non-ionized Boron
mobile holes
direct relaxation
paramagnetic centers
6B;m`2 9XjX8, _i2 KQ/2H b?QrBM; /QKBMMi Mm+H2` `2HtiBQM Ti?rvb Q7 /B`2+i `2HtiBQM
QM KQ#BH2 ?QH2b M/ b?Q`i /BzmbBQM iQ BQMBx2/ #Q`QM ++2TiQ`b i?`Qm;?Qmi i?2 #mHF Q7 i?2
T`iB+H2X GQM; /BbiM+2 bTBM /BzmbBQM iQ bm`7+2 BKTm`BiB2b Bb `2HiBp2Hv bHQr M/ /B`2+i +Qm@
THBM; Q7 i?2 Mm+H2B iQ i?2 HiiB+2 Bb r2FX
ǐǊ
IPMFT JO QUZQF TJMJDPO EPQFE UP TJNJMBS DPODFOUSBUJPOT <ǏǑ> ĉF DPOUSJCVUJPO UP OVDMFBS SFMBY
BUJPO CZ JPOJ[FE BDDFQUPST BT XFMM BT TVSGBDF QBSBNBHOFUJD EFGFDUT BU UIF TVSGBDF BSF SFTQPOTJCMF
GPS UIF NJME NBHOFUJD ėFME EFQFOEFODF PG 5ƥ TFFO JO 'JH ǌǋǌ	C
 8F XFSF VOBCMF UP PCTFSWF
BO &43 TJHOBM GSPN UIF NPCJMF DBSSJFST QSFTVNBCMZ EVF UP UIFJS TIPSU SFMBYBUJPO UJNFT MFBEJOH UP
CSPBE &43 MJOFT
ǌǌ $ŃłķŀŊňĽŃł
8F IBWF JOWFTUJHBUFE UIF SFMBYBUJPO PG QPMBSJ[BUJPO PG OBUVSBMBCVOEBODF Ʀƭ4J OVDMFJ JO VOEPQFE
BOE EPQFE TJMJDPONJDSPQBSUJDMF TBNQMFT BT B GVODUJPO PG BNCJFOUNBHOFUJD ėFMET BU SPPN UFNQFS
BUVSF *O VOEPQFENJDSPOTDBMF QBSUJDMFT UIF EFDBZ PG OVDMFBS QPMBSJ[BUJPO GSPN B IZQFSQPMBSJ[FE
WBMVFXBTNFBTVSFE GSPNNJDSPUFTMB UP ǈǋ5 'PS ėFMET TUSPOHFS UIBO UIF OVDMFBS EJQPMBS ėFME B CJ
FYQPOFOUJBM EFDBZ PG OVDMFBS NBHOFUJ[BUJPO XBT PCTFSWFE XJUI B GBTU DPNQPOFOU PG∼ ƥƤƦ T UIBU
EFQFOET XFBLMZ PO ėFME BOE B TMPX DPNQPOFOU PG∼ ƥƤƨ T UIBU JT SPVHIMZ ėFME JOEFQFOEFOU ĉF
SFMBUJWF BNQMJUVEF PG UIF TMPXMZ EFDBZJOH DPNQPOFOU JODSFBTFT XJUI UIF NBHOFUJD ėFME CVU POMZ
TMJHIUMZ #JFYQPOFOUJBM SFMBYBUJPO TVHHFTUT UIF QSFTFODF PG UXP OVDMFBS TQJO CBUIT EJTUJOHVJTIFE
CZ UIFJS QSPYJNJUZ UP QBSBNBHOFUJD JNQVSJUJFT BU UIF QBSUJDMF TVSGBDF ĉF UJNFTDBMFT PG OVDMFBS
TQJO SFMBYBUJPO BSF MBSHFMZ JOEFQFOEFOU PG BNCJFOU ėFME #EFQ GSPN ǈǊ UP ǋǈǈ N5 ĉJT JOEFQFO
EFODF GSPN #EFQ JT RVBOUJUBUJWFMZ DPOTJTUFOU XJUI B NPEFM PG OVDMFBS TQJO SFMBYBUJPO EPNJOBUFE
CZ B UISFFTQJO NFDIBOJTN JO XIJDI ĚJQĚPQ USBOTJUJPOT PG UXP FMFDUSPOT BU UIF OVDMFBS -BSNPS
GSFRVFODZ ĚJQ B OVDMFBS TQJO *O IJHIMZ EPQFE TJMJDPO TJNQMF FYQPOFOUJBM SFMBYBUJPO XJUI B GBTUFS
5ƥ PG PSEFS B GFX IVOESFE TFDPOET JT PCTFSWFE
ĉFTF SFTVMUT DBO CF DPNQBSFE XJUI TJNJMBS FYQFSJNFOUT QFSGPSNFE JO EJBNPOE BOPUIFS NB
UFSJBM XJUI EJMVUF 	ǉǉ ƻ
 TQJOǉǊ OVDMFJ BNPOH B NBKPSJUZ PG [FSPTQJO OVDMFJ JO BO GDD MBĨJDF
<ǑǈmǑǊ> .FBTVSFNFOU PG UIF OVDMFBS 5ƥ JO OBUVSBM EJBNPOE BT B GVODUJPO PG NBHOFUJD ėFME JO
EJDBUF B DPOUSJCVUJPO PG UISFFTQJO QSPDFTTFT UP ƥƧ$ TQJO SFMBYBUJPO <ǑǊ> 0UIFS JOWFTUJHBUJPOT
PG OVDMFBS TQJO SFMBYBUJPO JO ƥƧ$FOSJDIFE EJBNPOE <ǉǍǋ> BOE JO OBOPDSZTUBMMJOF EJBNPOE <ǉǍǌ>
ǐǋ
IBWF TIPXO UIBU UIF SFMBYBUJPO PG OVDMFBS NBHOFUJ[BUJPO XBT OPU XFMM EFTDSJCFE CZ B TJNQMF FYQP
OFOUJBM BQQSPBDI UP FRVJMJCSJVN ĉF /.3 TUVEJFT JO OBOPDSZTUBMMJOF EJBNPOE SFWFBMFE UIBU UIF
QBSUJDMFT DPOTJTU PG B DSZTUBMMJOF DPSF BOE B TVSSPVOEJOH TIFMM "MM UIFTF PCTFSWBUJPOT JO EJBNPOE
BSF TJNJMBS UP PVS SFTVMUT JO TJMJDPO NJDSPQBSUJDMFT
'JOBMMZ XF DPNNFOU UIBU NVMUJIPVS BOE ėFMEJOEFQFOEFOU OVDMFBS SFMBYBUJPO UJNFT GPS B TVC
TUBOUJBM GSBDUJPO PG UIF OVDMFBS TQJO QPQVMBUJPO JODMVEJOH GPS QBSUJDMFT JO B ĚVJE TVTQFOTJPO JT
JNQPSUBOU GPS GPS UIF VTF PG TJMJDPO NJDSPQBSUJDMFT BT B IZQFSQPMBSJ[FE.3* JNBHJOH BHFOU
"ķĿłŃŌŀĹĸĻŁĹłŉň
8F UIBOL %BWJE $PSZ GPS HFOFSPVT BDDFTT UP UIF &43 TQFDUSPNFUFS 8F BDLOPXMFEHF TVQQPSU
GSPNUIF/BUJPOBM 4DJFODF'PVOEBUJPOVOEFS/4'ǈǏǈǊǊǑǍ UIF#*4)1SPHSBN	$#&5ǈǑǋǋǈǉǍ
BOE
UIF)BSWBSE/4'/BOPTDBMF 4DJFODF BOE &OHJOFFSJOH $FOUFS 'BCSJDBUJPO VTFE UIF)BSWBSE$FO
UFS GPS/BOPTDBMF4ZTUFNT	$/4
 BO/4'/BUJPOBM/BOPUFDIOPMPHZ *OGSBTUSVDUVSF/FUXPSL 	//*/

TJUF 	&$4 ǈǋǋǍǏǎǍ
 .- BDLOPXMFEHFT TVQQPSU GSPN 4BNTVOH
ǐǌ
5
.PEVMBUJPO &OIBODFE%ZOBNJD/VDMFBS
1PMBSJ[BUJPO JO 4JMJDPO.JDSPQBSUJDMFT
&OIBODFE EZOBNJD OVDMFBS QPMBSJ[BUJPO 	%/1
 PG TJMJDPO QBSUJDMFT JT EFNPOTUSBUFE CZ BQQMZJOH B NPE
VMBUJPO UP UIF NJDSPXBWF ěFRVFODZ VTFE GPS JSSBEJBUJPO PG UIF FMFDUSPO TQJO TZTUFN ĉF IJHIFTU QPMBS
J[BUJPO FOIBODFNFOUT BSF SFDPSEFE XIFO UIF NJDSPXBWF ěFRVFODZ JT NPEVMBUFE BU B SBUF NVDI HSFBUFS
UIBO UIF FMFDUSPO TQJO MBĪJDF SFMBYBUJPO SBUF XIFSF NVMUJFMFDUSPO EJQPMBS TQJO QSPDFTTFT DBO DPOUSJCVUF
UP UIF QPMBSJ[BUJPO QSPDFTT 6TJOH UIJT UFDIOJRVF XF DBO HFOFSBUF B CVML Ʀƭ4J OVDMFBS QPMBSJ[BUJPO PG VQ
UP∼ ƥƤ% UIBU JT TVJUBCMF GPS JOWJWP Ʀƭ4J NBHOFUJD SFTPOBODF JNBHJOH BU CJPMPHJDBMMZ SFMFWBOU DPODFOUSB
ǐǍ
UJPOTǮ
Ǎǉ *łŉŇŃĸŊķŉĽŃł
(ĹłĹŇĵŉĽłĻ ļĽĻļ łŊķŀĹĵŇ ňńĽł ńŃŀĵŇĽŐĵŉĽŃłň PS IZQFSQPMBSJ[BUJPO JT JNQPSUBOU BDSPTT B
XJEF SBOHF PG ėFMET JO QIZTJDT DIFNJTUSZ BOE CJPMPHZ *OJUJBMMZ JOWFTUJHBUJPOT GPDVTFE PO HFOFS
BUJOH TQJOQPMBSJ[FE UBSHFUT GPS OFVUSPO TDBĨFSJOH FYQFSJNFOUT <Ǒǌ> IPXFWFS NPSF SFDFOU TUVE
JFT IBWF CFFO EJSFDUFE BU VOEFSTUBOEJOH NBOZ CPEZ TQJO EZOBNJDT <ǉǍǊ> BOE JO TFNJDPOEVDUPST
TVDI BT TJMJDPO GPS UIF JOJUJBMJ[BUJPO PG OVDMFBS TQJO TUBUFT GPS EPOPS CBTFE RVBOUVN DPNQVUJOH
<ǉǈǐ ǉǊǐ> 7FSZ SFDFOUMZ MBSHF OVDMFBS TQJO QPMBSJ[BUJPOT IBWF QSPWFE FTQFDJBMMZ VTFGVM GPS SF
WFBMJOH UIF TUSVDUVSF PG DPNQMFY CJPNPMFDVMFT <ǍǑ> BOE GPS JOWJWP TUVEJFT PG NFUBCPMJD QSPDFTTFT
JO DBODFS VTJOH IZQFSQPMBSJ[FE NFUBCPMJUFT <ǍǍ ǎǉ> BOE IZQFSQPMBSJ[FE Ʀƭ4J OBOPQBSUJDMF USBD
FST <ǉǋǐ> %ZOBNJD OVDMFBS QPMBSJ[BUJPO 	%/1
 JT POF UFDIOJRVF XIFSFCZ UIF OVDMFBS QPMBSJ[B
UJPO NBZ CF MJěFE IJHI BCPWF JUT FRVJMJCSJVN UISPVHI UIF JOUFSBDUJPO XJUI B TZTUFN PG VOCPOEFE
FMFDUSPOT "QQMZJOH PĎSFTPOBOU NJDSPXBWF JSSBEJBUJPO ESJWFT EJQPMBS ĚJQĚPQ JOUFSBDUJPOT CF
UXFFO TUSPOHMZ DPVQMFE FMFDUSPO TQJOT DSFBUJOH BO PTDJMMBUJOH NBHOFUJD ėFME UIBU NBZ JO UVSO QP
MBSJ[F OFBSCZ OVDMFBS TQJOT $POUJOVPVT XBWF NJDSPXBWF 	Ӊ8
 JSSBEJBUJPO JT HFOFSBMMZ BQQMJFE BU
B TJOHMF GSFRVFODZ XJUI B CBOEXJEUI DPOTUSBJOFE UP UIBU PG UIF Ӊ8 DBWJUZ PG UIF TPVSDF 	UZQJDBMMZ
< ƥ.)[
 'PS BOZ FMFDUSPO TQJO TZTUFN UIBU IBT B CSPBEFOFE SFTPOBODF MJOF UIF SFTVMUJOH OVDMFBS
QPMBSJ[BUJPO JT MJNJUFE BT POMZ B TNBMM GSBDUJPO PG UIF UPUBM FMFDUSPO TQJO TZTUFNBDUJWFMZ DPOUSJCVUFT
UP UIF %/1 QSPDFTT .JDSPXBWF GSFRVFODZ NPEVMBUJPO XBT QSFWJPVTMZ CFFO VTFE JO %/1 PG QP
MBSJ[FE CVUBOPM UBSHFUT XIFSF BO FOIBODFNFOU PG VQ UP ǎǍƻ PG UIF EFVUFSJVN QPMBSJ[BUJPO BOE
ǉǈƻ PG UIF QSPUPO QPMBSJ[BUJPO XBT HFOFSBUFE <ǉǎǊ> CVU B EFUBJMFE VOEFSTUBOEJOH PG UIF FĎFDU
XBT OPU SFWFBMFE
ǮĉJT DIBQUFS JT JO QSFQBSBUJPO GPS QVCMJDBUJPO BT.PEVMBUJPO &OIBODFE %ZOBNJD /VDMFBS 1PMBSJ[BUJPO JO 4JMJDPO
.JDSPQBSUJDMFT XJUI BVUIPST . $ $BTTJEZ . -FF BOE $ . .BSDVT
ǐǎ
ĉJT $IBQUFS SFQPSUT FOIBODFE Ʀƭ4J %/1 JO TJMJDPO NJDSPQBSUJDMFT HFOFSBUFE CZ NPEVMBUJPO
PG UIF NJDSPXBWF GSFRVFODZ VTFE GPS JSSBEJBUJPO PG UIF FMFDUSPO TQJO TZTUFN 6TJOH UIJT XF HFO
FSBUF VQ UP B Ǎǈǈƻ JODSFBTF JO UIF Ʀƭ4J OVDMFBS QPMBSJ[BUJPO VOEFS %/1 DPOEJUJPOT ĉF IJHIFTU
QPMBSJ[BUJPO FOIBODFNFOUT BSF SFDPSEFE XIFO UIF NJDSPXBWF GSFRVFODZ JT NPEVMBUFE PWFS B GSF
RVFODZ CBOEXJEUI UIBU DPWFST UIF FMFDUSPO TQJO SFTPOBODF MJOF BU B SBUF NVDI HSFBUFS UIBO UIF
FMFDUSPO TQJO MBĨJDF SFMBYBUJPO SBUF 5ƥF ĉF SFMBUJWF FOIBODFNFOU BOE VMUJNBUF OVDMFBS QPMBSJ[B
UJPO BDIJFWFE BSF TUSPOHMZ EFQFOEFOU PO BQQMJFE NJDSPXBWF QPXFS BOE UFNQFSBUVSF BOE TP UIJT
UFDIOJRVF NBZ CF VTFE UP DPNQFOTBUF GPS NPSF SFBEJMZ BWBJMBCMF MPX QPXFS NJDSPXBWF TPVSDFT
PS JO DBTFT XIFSF UIF FYQFSJNFOUBM UFNQFSBUVSF JT MJNJUFE
ǍǊ 4ĵŁńŀĹň ĵłĸ ĹŎńĹŇĽŁĹłŉĵŀ ŁĹŉļŃĸň
ĉF TBNQMF DPOTJTUFE PG∼ Ǌǈ NH PG OBUVSBM BCVOEBODF 	Ʀƭ4J  ƨ.ƫ%
 IJHI QVSJUZ QPMZDSZTUBMMJOF
TJMJDPO QPXEFS 	"MGB "FTBS E ∼ ǋ ӉN
 %/1 FYQFSJNFOUT XFSF QFSGPSNFE JO B DPOUJOVPVT ĚPX
DSZPTUBU BU ǌ , 	VOMFTT TQFDJėFE
 JO B ǊǐǑ 5 TVQFSDPOEVDUJOH/.3NBHOFU 	ӗO  Ǌǌǌǈǌ.)[

ĉF TBNQMF XBT QBDLFE JO B UIJO XBMMFE UFĚPO UVCF XIJDI XBT IFME JO EJSFDU DPOUBDU XJUI UIF ĚPX
JOH IFMJVN WBQPS " DVTUPN JOTFSU GPS UIF DSZPTUBU BOE B IPNF CVJMU TQFDUSPNFUFS XJUI B TBEEMF
DPJM XFSF VTFE GPS/.3EFUFDUJPO " Ǌǈ E#N 	ǉǈǈN8
(VOO EJPEF UVOBCMF GSPN ƬƤ−ƬƦ()[
XBT VTFE BT UIF NJDSPXBWF TPVSDF ĉF PVUQVU PG UIF (VOO XBT BNQMJėFE UP ǋǋ E#N 	Ǌ 8

VTJOH B TPMJE TUBUF BNQMJėFS GPS IJHI QPXFS NFBTVSFNFOUT ĉF %$ CJBT PG UIF (VOO EJPEF XBT
NPEVMBUFE XJUI B TZNNFUSJD SBNQ GVODUJPO BU B SBUF GNPE BOE BNQMJUVEF DPSSFTQPOEJOH UP B CBOE
XJEUI PG #8NPE XIJDI QSPWJEFE B VOJGPSNNPEVMBUJPO BDSPTT UIF FOUJSF CBOEXJEUI ĉF OVDMFBS
QPMBSJ[BUJPO XBT NFBTVSFE XJUI B TBUVSBUJPO SFDPWFSZ TFRVFODF XIFSFCZ UIF SFTJEVBM OVDMFBS QP
MBSJ[BUJPO JT OVMMFE XJUI B TFSJFT PG Ӎ/Ʀ QVMTFT BOE UIF TBNQMF JT BMMPXFE UP QPMBSJ[F GPS B QFSJPE
PG UJNF UQPM CFGPSF UIF OVDMFBS QPMBSJ[BUJPO JT NFBTVSFE XJUI B TJOHMF Ӎ/Ʀ QVMTF 'VSUIFS EFUBJMT PG
UIF FYQFSJNFOUBM TFUVQ BSF EFTDSJCFE JO "QQFOEJY "
ǐǏ
Ǎǋ 3ĹňŊŀŉň
Ǎǋǉ .ĽķŇŃŌĵŋĹ ĺŇĹŅŊĹłķŏ ĸĹńĹłĸĹłķĹ
'JHVSF Ǎǋǉ	B
 TIPXT UIF EFSJWBUJWF PG UIF9CBOE DPOUJOVPVTXBWF FMFDUSPO TQJO SFTPOBODF 	$8
&43
 TQFDUSVN PG UIF TBNQMF NFBTVSFE BU ǌ , <ǉǎǋ> /BUVSBM PYJEBUJPO PG UIF TJMJDPO TVSGBDF DSF
BUFT B SJDI OFUXPSL PG VOCPOEFE FMFDUSPO TQJOT 	∼ ƥƤƥƨDN−Ʀ
 <ǉǎǌ> BU UIF TJMJDPOTJMJDPO EJPYJEF
JOUFSGBDF UIBU DBO CF VTFE GPS %/1 <ǉǊǐ> ĉFTF VOCPOEFE FMFDUSPO TQJOT PS 1C EFGFDUT IBWF
B HGBDUPS UIBU JT EFQFOEFOU PO UIF PSJFOUBUJPO PG UIF VOEFSMZJOH TJMJDPO DSZTUBM MBĨJDF 	HǊǈǈǊ
Ǌǈǉǈ
 <ǉǋǊ> ĉJT SBOHF JO HGBDUPST BWFSBHFE PWFS UIF EJĎFSFOU PSJFOUBUJPOT PG UIF VOEFSMZJOH
MBĨJDF JO B TQIFSJDBM QBSUJDMF UPHFUIFS XJUI JOUFSOBM DSZTUBM TUSBJO SFTVMUT JO UIF CSPBE &43 MJOF PC
TFSWFE ĉFNJDSPXBWF GSFRVFODZ EFQFOEFODF PG UIF Ʀƭ4J /.3QFBL BSFB 1%/1 XIJDI JT EJSFDUMZ
QSPQPSUJPOBM UP UIF Ʀƭ4J OVDMFBS QPMBSJ[BUJPO JT TIPXO JO 'JH Ǎǋǉ	C
 BOE QMPĨFE PWFS UIF TBNF
SBOHF PG HGBDUPST BT UIF EBUB JO 'JH Ǎǋǉ	B
 ĉF Ʀƭ4J OVDMFBS QPMBSJ[BUJPO TDBMFT QSPQPSUJPOBM
UP UIF EFSJWBUJWF PG UIF &43 MJOF (E(E# ) <ǉǈǈ> XJUI UIF DSPTT PWFS GSFRVFODZ CFUXFFO OFHBUJWF BOE
QPTJUJWF OVDMFBS QPMBSJ[BUJPO PDDVSSJOH BU UIF BWFSBHF WBMVF PG UIF FMFDUSPO HGBDUPS PG UIF TZTUFN
	HǊǈǈǎǍ
 $FOUFSJOH UIFNJDSPXBWF TPVSDF BU FBDI GSFRVFODZ QPJOU BOE UIFONPEVMBUJOH 	GNPE
ǎǈ L)[ #8NPE  Ǐǈ .)[
 TJHOJėDBOUMZ JODSFBTFT UIF Ʀƭ4J OVDMFBS QPMBSJ[BUJPO HFOFSBUFE GPS UIF
TBNF QPMBSJ[BUJPO UJNF UQPM  ǋǈǈ T BT XFMM BT DBVTJOH UIF NJDSPXBWF GSFRVFODZ SFTQPOTF UP TIJě
PVUXBSE XJUI JODSFBTJOH NPEVMBUJPO CBOEXJEUI
" TJNQMJėFE TDIFNBUJD EJBHSBNPG UIF FOFSHZ MFWFMT PG UIF FMFDUSPO BOE Ʀƭ4J OVDMFBS TQJO TZTUFNT
JT TIPXO JO 'JH Ǎǋǉ	D
 ĉF FMFDUSPO TQJO TZTUFN DPOTJTUT PG TQJOT XJUI B XJEF SBOHF PG HGBDUPST
BOEXF DBO DPOTJEFS JU NBEF VQ PG B OFUXPSL PG QBJST PG EJQPMBSDPVQMFE FMFDUSPO TQJO QBDLFUT TFQ
BSBUFE JO GSFRVFODZ CZ UIF Ʀƭ4J OVDMFBS -BSNPS GSFRVFODZ "U MPX UFNQFSBUVSF BOE IJHI NBHOFUJD
ėFMET UIF FMFDUSPO TQJO CBUI 	CMBDL BSSPXT
 CFDPNFT IJHIMZ QPMBSJ[FE XIJMF UIF OFU QPMBSJ[BUJPO
PG UIF Ʀƭ4J OVDMFBS CBUI SFNBJOT MPX 	SFE BSSPXT
 .JDSPXBWF JSSBEJBUJPO BU B GSFRVFODZ ӗFƥ ESJWFT
DPOUJOVPVT SPUBUJPOT PG FMFDUSPOT JO QBDLFU Fƥ PO B UJNF TDBMF UTBU 'PS B TZTUFN PG TUSPOHMZ EJQPMBS
ǐǐ
DPVQMFE FMFDUSPO TQJOT TVDI BT UIJT UIF SBUF PG FMFDUSPO EJQPMFEJQPMF JOUFSBDUJPOT JT NVDI HSFBUFS
UIBO UIF SBUF PG FMFDUSPO TQJO MBĨJDF SFMBYBUJPO 	5−ƥƦF,44 * 5−ƥƥF 
 ĉF FMFDUSPOT JO QBDLFU Fƥ DBO VO
EFSHP B TQJO ĚJQĚPQ XJUI B TQJO JO QBDLFU FƦ XJUIPVU MPTT PG EJQPMBS FOFSHZ (↓↑⇔↑↓) *G UIF UXP
FMFDUSPOT EJĎFS JO ;FFNBO FOFSHZ CZ UIF OVDMFBS ;FFNBO FOFSHZ 	!(ӗFƥ − ӗFƦ) = !ӗO
 XIFSF
ӗFƥ BOE ӗFƦ BSF UIF SFTQFDUJWF FMFDUSPO -BSNPS GSFRVFODJFT BOE ӗO UIF OVDMFBS -BSNPS GSFRVFODZ
UIF EJQPMBS JOUFSBDUJPO HFOFSBUFT B ĚVDUVBUJOH *; NBHOFUJD ėFME UIBU DBO ĚJQ B OFBSCZ OVDMFBS TQJO
BOE TUJMM DPOTFSWF UPUBM FOFSHZ <Ǒǌ> ĉF FMFDUSPO JO QBDLFU FƦ XJMM UIFSNBMJ[F XJUI UIF MBĨJDF BU B
SBUF 5−ƥƥF  CFGPSF CFJOH BCMF UP QBJS VQ XJUI BOPUIFS OVDMFVT BOE SFQFBU UIF DZDMF 1SPWJEFE 5ƥF JT
NVDI GBTUFS UIBO UIF OVDMFBS TQJO MBĨJDF SFMBYBUJPO UJNF5ƥO B TJHOJėDBOU OVDMFBS QPMBSJ[BUJPO XJMM
CF CVJMU VQ
3FQSFTFOUBUJWF Ʀƭ4J /.3 TQFDUSB XJUI BOE XJUIPVU NPEVMBUJPO BěFS ǋǈǈ T 	EBTIFE MJOFT
 BOE
ǉǈǐǈǈ T 	TPMJE MJOFT
 PG QPMBSJ[BUJPO BU ǌ , BSF TIPXO JO 'JH Ǎǋǉ	E
 ĉF TQFDUSB BSF TJNJMBS UP
UIBU PG PUIFS TUVEJFT PG QPMZDSZTUBMMJOF TJMJDPO <ǉǊǐ> BOE DPOTJTU PG B CSPBE QFBL 	ǋ L)[ MJOFXJEUI

DPSSFTQPOEJOH UP BNPSQIPVT TJMJDPO PCTFSWFE GPS BMM WBMVFT PG UQPM BOE B OBSSPX GFBUVSF 	Ǎǈǈ )[
MJOFXJEUI
 DPSSFTQPOEJOH UP DSZTUBMMJOF TJMJDPO BQQFBSJOH GPS UQPM > ƪƤƤ T ĉF QBSUJDMFT IBWF B
DPSFTIFMM TUSVDUVSF DPOTJTUJOH PG B OVNCFS PG DSZTUBMMJOF DPSFT TVSSPVOEFE CZ B QPMZDSZTUBMMJOF
BOE BNPSQIPVT TJMJDPO TIFMM %/1 PDDVST BU JO UIF TJMJDPOTJMJDPO EJPYJEF JOUFSGBDF BOE UIVT QP
MBSJ[FT UIF BNPSQIPVT BOE QPMZDSZTUBMMJOF SFHJPOT PG UIF QBSUJDMF ėSTU ĉF DSZTUBMMJOF DPSFT XIJDI
BSF TQFDJBMMZ TFQBSBUFE GSPN UIF QPMBSJ[BUJPO TJUFT BSF QPMBSJ[FE CZ OVDMFBS TQJO EJĎVTJPO BU B SBUF
Ҿ1
ҾU = %∇Ʀ1 ĉF EJĎVTJPO DPOTUBOU% = 8BƦ ∼ BƦ/(ƩƤ5Ʀ) XIFSF8 JT UIF QSPCBCJMJUZ PG B ĚJQ
ĚPQ USBOTJUJPO CFUXFFO OVDMFJ EVF UP EJQPMFEJQPMF JOUFSBDUJPO BOE5Ʀ JT UIF OVDMFBS EFDPIFSFODF
UJNF <ǉǈǈ> ĉF UIFSNBM TJHOBM BDRVJSFE VOEFS &SOTU BOHMF DPOEJUJPOT BU ǋǈǈ,	ӂ = Ʃ◦, USFQ = Ʀ T
ǐǈǈǈǈ BWFSBHFT
 JT TIPXO JO UIF JOTFU /P Ʀƭ4J TJHOBM JT PCTFSWBCMF BU ǌ , XJUIPVU NJDSPXBWF JSSB
EJBUJPO CVU CZ DPNQBSJOH UIF UIFSNBM TJHOBM BU ǋǈǈ , XJUI UIF %/1 FOIBODFE TJHOBM XF FTUJNBUF
B UPUBM OVDMFBS QPMBSJ[BUJPO PG ∼ ƥƤ% BěFS ∼ ǉǐ IPVST PG QPMBSJ[BUJPO BU ǋǋ E#N BQQMJFE NJ
DSPXBWF QPXFS 	GNPE  ǉǈ L)[ #8NPE  ǋǈ.)[

ǐǑ
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Ǒǈ
ǍǋǊ 5ĽŁĹ ĸĹńĹłĸĹłķĹ
'JHVSF ǍǋǊ	B
 TIPXT UIF UJNFFWPMVUJPOPG UIF UIFOVDMFBS QPMBSJ[BUJPO BUǊǈE#NBQQMJFEQPXFS
XJUI BOE XJUIPVU NPEVMBUJPO PG UIF NJDSPXBWF TPVSDF 5XP EJTUJODU SBUF DPOTUBOUT BSF PCTFSWFE
BOE UIF EBUB JT XFMM ėU CZ B CJFYQPOFOUJBM GVODUJPO PG UIF GPSN 1%/1 =
(
"F−UQPM/ӑG + #F−UQPM/ӑT
)

8F EFėOF 1NPE,%/1 BT UIF QPMBSJ[BUJPO VOEFS %/1 DPOEJUJPOT XJUI GSFRVFODZ NPEVMBUJPO BOE
1Ƥ,%/1 BT UIF QPMBSJ[BUJPO VOEFS %/1 DPOEJUJPOT XJUIPVU GSFRVFODZ NPEVMBUJPO ĉF QPMBSJ[B
UJPO UJNF DPOTUBOUT ӑG BOE ӑT BSF FYUSBDUFE GSPN UJNF EFQFOEFODFNFBTVSFNFOUT GPS UIF DBTF PG OP
NPEVMBUJPO BOE #8NPE  ǉǈ.)[ ǌǈ.)[ Ǐǈ.)[ BOE ǉǈǈ.)[ BOE QMPĨFE JO 'JH ǍǋǊ	C

"U MPX NPEVMBUJPO CBOEXJEUIT NPEVMBUJOH UIF Ӊ8 GSFRVFODZ DBVTFT UIFTF QPMBSJ[BUJPO UJNFT
UP JODSFBTF XJUI NPEVMBUJPO CBOEXJEUI XIJMF UIFTF UJNFT BSF SFEVDFE BU IJHIFS CBOEXJEUIT SF
TVMUJOH JO B QPMBSJ[BUJPO FOIBODFNFOU ҿ = 1NPE,%/11Ƥ,%/1 UIBU JODSFBTFT PWFS UJNF &YBNJOBUJPO PG UIF
NPEVMBUFE BOE VONPEVMBUFE TQFDUSB GPS FBDI UJNF QPJOU JO 'JH ǍǋǊ	B
 SFWFBMT UIBU UIF Ǎǈǈ )[
DSZTUBMMJOF GFBUVSF FNFSHFT BU UIF TBNF UJNF QPJOUT EFTQJUF UIF BEEJUJPO PG NPEVMBUJPO .PEVMB
UJPOXJMM OPU DIBOHF UIF SBUF PG QPMBSJ[BUJPO CZ OVDMFBS TQJO EJĎVTJPO XIJDI JT POMZ EFUFSNJOFE CZ
UIF EFOTJUZ PG Ʀƭ4J OVDMFJ BOE UIF OVDMFBS 5Ʀ CVU JODSFBTFT UIF OVNCFS QPMBSJ[BUJPO TJUFT BSPVOE
UIF QBSUJDMF TVSGBDF QBSUJDJQBUJOH JO UIF %/1 QSPDFTT BOE TP JODSFBTFT UIF QPMBSJ[BUJPO HFOFSBUFE
Ǎǋǋ .ĽķŇŃŌĵŋĹ ńŃŌĹŇ ĵłĸ ŉĹŁńĹŇĵŉŊŇĹ ĸĹńĹłĸĹłķĹ
ĉF SFTQPOTF PG UIF QPMBSJ[BUJPO UP BQQMJFE NJDSPXBWF QPXFS 	NFBTVSFE BU UIF JOQVU UP UIF DSZP
TUBU
 JT TIPXO JO 'JH Ǎǋǋ 	B
 #PUI UIF NPEVMBUFE 	GNPE ǎǈ L)[ #8NPE  Ǐǈ .)[
 BOE
VONPEVMBUFE Ʀƭ4J OVDMFBS QPMBSJ[BUJPOT JODSFBTF XJUI BQQMJFE NJDSPXBWF QPXFS CVU UIF FĎFDUT PG
NPEVMBUJPO BSF TUSPOHFTU BU NPEFSBUF BQQMJFE QPXFS∼ǉǈ E#N *O UIF MPX QPXFS SFHJNF CPUI
SFTQPOTFT GPMMPXT B QPXFS MBX EFQFOEFODF∝ )һƥ  XIFSF)ƥ JT UIF TUSFOHUI PG UIFNJDSPXBWF ėFME
'JUT UP UIF FYQFSJNFOUBM EBUB HJWF һ = Ƥ.Ʀƫ GPS NPEVMBUJPO BOE һ = Ƥ.ƨ XJUIPVU NPEVMBUJPO
ĉFTF SFTQPOTFT BSF TJHOJėDBOUMZ XFBLFS UIBO UIF һ = Ʀ SFTQPOTF QSFEJDUFE CZ B SBUF FRVBUJPO
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6B;m`2 8XjXk, UVƦƭaB LJ_ T2F `2 b  7mM+iBQM Q7 .LS TQH`BxiBQM iBK2 rBi? UGNPE4
ey F>x- #8NPE 4 9y J>xV M/ rBi?Qmi 7`2[m2M+v KQ/mHiBQM Q7 i?2 Ӊq bQm`+2X U#V SQ@
H`BxiBQM iBK2 +QMbiMib ӑG M/ ӑT b  7mM+iBQM Q7 KQ/mHiBQM #M/rB/i? b?Qr M BM+`2b2
i?2 TQH`BxiBQM `i2 rBi? BM+`2bBM; #M/rB/i?X h?2 iBK2 +QMbiMib `2 2ti`+i2/ 7`QK #B2t@
TQM2MiBH }ib Q7 i?2 Mm+H2` TQH`BxiBQM b  7mM+iBQM Q7 TQH`BxiBQM iBK2 /2b+`B#2/ #v i?2
2[miBQM BM i?2 i2tiX AM HH +b2b i?2 Ӊq bQm`+2 rb +2Mi2`2/ i 3yXNee :>xX
BOBMZTJT GPS EJSFDU %/1 <ǉǈǈ> ĉJT JT CFDBVTF EFTQJUF UQPM CFJOH TIPSU DPNQBSFE UP UIF PWFSBMM
OVDMFBS QPMBSJ[BUJPO UJNF GPS UIF TBNQMF JU JT TUJMM NVDI MPOHFS UIBO UIF UJNF UBLFO UP FđDJFOUMZ
TBUVSBUF FBDI FMFDUSPO TQJO QBDLFU ӑTBU .VDI PG UIF TJHOBM UIVT DPNFT GSPNOVDMFJ QPMBSJ[FE CZ OV
DMFBS TQJO EJĎVTJPO SBUIFS UIBO EJSFDU QPMBSJ[BUJPO *U JT JNQPSUBOU UP OPUF UIBU EFTQJUF UIF IJHIFTU
Ʀƭ4J OVDMFBS QPMBSJ[BUJPOT CFJOH BDIJFWFEXJUI UIF GVMMZ BNQMJėFE TPVSDFNPEVMBUJPO PG UIF PVUQVU
PG UIF ǊǈE#NTPVSDF BMPOF DBO HFOFSBUF DMPTF UP UIF TBNFQPMBSJ[BUJPO BT VONPEVMBUFE JSSBEJBUJPO
XJUI B NVDI IJHIFS QPXFS TPVSDF
ĉF UFNQFSBUVSF EFQFOEFODF PG UIF Ʀƭ4J OVDMFBS QPMBSJ[BUJPO XJUI 	GNPE ǎǈ L)[ #8NPE 
Ǐǈ .)[
 BOE XJUIPVU NPEVMBUJPO UPHFUIFS XJUI UIF FOIBODFNFOU JT TIPXO JO 'JH Ǎǋǋ 	C

1PXFS MBX ėUT UP UIF EBUB 	TPMJE MJOFT
 TIPX BO FOIBODFNFOU ∝ 5−Ӆ XJUI Ӆ = Ƥ.ƭ JO UIF DBTF
PG NPEVMBUJPO BOE Ӆ = ƥ.Ƨ XJUIPVU *ODSFBTJOH UIF UFNQFSBUVSF GSPN ǋ , UP Ǌǈ , TJHOJėDBOUMZ
EFDSFBTFT UIF QPMBSJ[BUJPO PG UIF FMFDUSPO TQJO TZTUFN 	GSPN ∼ǎǈƻ UP ǉǈƻ
 BOE UIFSFGPSF UIF
BNPVOU PG FOFSHZ UIBU DBO CF USBOTGFSSFE UP UIF OVDMFBS TQJO CBUI "EEJUJPOBMMZ UIF TQJO MBĨJDF
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6B;m`2 8XjXj, UV JB+`Qrp2 TQr2` M/ U#V i2KT2`im`2 `2bTQMb2 Q7 i?2 ƦƭaB LJ_ T2F
`2 mM/2` .LS +QM/BiBQMb rBi? UGNPE4 ey F>x- #8NPE 4 dy J>xV M/ rBi?Qmi 7`2[m2M+v
KQ/mHiBQMX h?2 2M?M+2K2Mi /m2 iQ 7`2[m2M+v KQ/mHiBQM Bb b?QrM QM i?2 `B;?i ?M/ tBbX
6Bib iQ i?2 /i UbQHB/ HBM2bV `2 /2b+`B#2/ BM i?2 i2tiX
SFMBYBUJPO UJNF PG UIF 1C EFGFDU IBT B TUSPOH UFNQFSBUVSF EFQFOEFODF 5ƥF ∝ 5−Ʀ JO UIF SBOHF PG
ǊǊǈ , <ǉǎǍ> NBLJOH JU NPSF EJđDVMU UP TBUVSBUF UIF FMFDUSPO TQJO TZTUFN BU IJHIFS UFNQFSBUVSFT
Ǎǋǌ %ĹńĹłĸĹłķĹ Ńł ŁŃĸŊŀĵŉĽŃł ĺŇĹŅŊĹłķŏ ĵłĸ ĶĵłĸŌĽĸŉļ
5P GVSUIFS JOWFTUJHBUF UIF EZOBNJDT PG UIF %/1 QSPDFTT XJUI GSFRVFODZ NPEVMBUJPO XF TUVEZ
UIF FOIBODFNFOU BT B GVODUJPO PG UIF NPEVMBUJPO TXFFQ GSFRVFODZ BOE CBOEXJEUI BěFS B QP
MBSJ[BUJPO UJNF UQPM  ǋǈǈ T BU  Ǌǈ E#N BQQMJFE NJDSPXBWF QPXFS ĉJT UJNF JT MPOH FOPVHI
UP HJWF B IJHI TJHOBM UP OPJTF CVU JT CFGPSF UIF TQJOEJĎVTJPO SFHJNF EPNJOBUFT UIF EBUB 'JH
VSF Ǎǋǌ	B
 TIPXT UIF FWPMVUJPO PG UIF Ʀƭ4J QPMBSJ[BUJPO FOIBODFNFOU ҿ XJUI GNPE BěFS Ӊ8 JS
SBEJBUJPO BU ǐǈǑǎǎ ()[ BU B ėYFE CBOEXJEUI #8NPE  ǋǍ .)[ 'PVS EJTUJODU SFHJPOT DBO CF
JEFOUJėFE "U WFSZ MPXNPEVMBUJPO SBUFT	*
 	GNPE  ǉ)[
 UIF QPMBSJ[BUJPO JT BQQSPYJNBUFMZ FRVBM
UP UIF VONPEVMBUFE WBMVF 	ҿ ∼ ƥ
 "T UIF NPEVMBUJPO GSFRVFODZ JT JODSFBTFE BCPWF∼ǉ )[ 	**

UIF FOIBODFNFOU BMTP JODSFBTFT CFGPSF TBUVSBUJOH BHBJO BU B WBMVF PG∼ ǉǈǈ)[ 	***
 "U MBSHFNPE
VMBUJPO SBUFT 	GNPE >∼ǉǈǈ L)[
 	*7
 UIF FOIBODFNFOU EFDSFBTFT EVF UP B DBQBDJUJWF SFTQPOTF
PG UIF NJDSPXBWF TPVSDF SFTVMUJOH JO B SFEVDUJPO JO UIF BDUVBM NPEVMBUJPO CBOEXJEUI UIBU DBO CF
Ǒǋ
HFOFSBUFE ĉF FOIBODFNFOU JO 'JH Ǎǋǌ	B
 JT JOEFQFOEFOU PG UIF EVUZ DZDMF BOE EJSFDUJPO PG BQ
QMJFE NPEVMBUJPO BOE TP XF BTTVNF OP DPIFSFOU QSPDFTTFT BSF CFJOH ESJWFO JO UIF FMFDUSPO TQJO
TZTUFN
'PS FBDI PG UIF SFHJPOT JO 'JH Ǎǋǌ	B
 XF NFBTVSF ҿ BT B GVODUJPO PG #8NPE 	GNPE  ǈǉ )[
Ǎǈ )[ BOE Ǎǈ L)[
 TIPXO JO 'JH Ǎǋǌ	C
 "U GNPE  ǈǉ )[ OP FOIBODFNFOU FĎFDU JT FWJEFOU
BDSPTT UIF SBOHF PG NPEVMBUJPO CBOEXJEUIT TUVEJFE "U GNPE  Ǎǈ )[ UIF QPMBSJ[BUJPO FOIBODF
NFOU TUFBEJMZ JODSFBTFT GSPN UIF DBTF PG OP NPEVMBUJPO 	ǋǈǈ L)[ JOUSJOTJD CBOEXJEUI
 VOUJM JU
TBUVSBUFT BU BQQSPYJNBUFMZ UIF /.3 GSFRVFODZ PG UIF TBNQMF 8IFO UIF NPEVMBUJPO JT WFSZ GBTU
	GNPEǍǈ L)[
 ҿ DPOUJOVFT UP JODSFBTF XJUI JODSFBTJOH #8NPE
ĉF USBOTJUJPOT CFUXFFO SFHJPOT 	****
 JO 'JH Ǎǋǌ	B
 BSF DIBSBDUFSJ[FE CZ UXP EJTUJODU NPE
VMBUJPO SBUFT G*−** BOE G**−*** 8F NFBTVSF ҿ BT B GVODUJPO PG GNPE GPS B SBOHF PG WBMVFT PG #8NPE
	'JH Ǎǋǌ	D

 BOE FYUSBDU UIFTF DIBSBDUFSJTUJD NPEVMBUJPO GSFRVFODJFT GSPN CJFYQPOFOUJBM ėUT
ҿ =
(
"F−GNPE/G(*−**) + #F−GNPE/G(**−***)
)
UP UIF EBUB ĉF JOUSJOTJD QBDLFU XJEUI JT TFU CZ 5−ƥƦF XIFSF
5ƦF  ǈǐǎ ӉT JT UIF IPNPHFOFPVT JOUSJOTJD TQJOTQJO DPVQMJOH XIJDI XF FYUSBDU CZ FYUSBQPMBU
JOH UIF QFBL XJEUIT PG UIF &43 BOE VONPEVMBUFE %/1 EBUB GSPN 'JH Ǎǋǉ UP [FSP ėFME 8F
OPSNBMJ[F UIFTF DIBSBDUFSJTUJD GSFRVFODJFT UP B UJNF TQFOU JSSBEJBUJOH B QBDLFU PG XJEUI 5−ƥƦF BT
U*−**(**−***) = (G*−**(**−***).#8)−ƥ 	JOTFU 'JH Ǎǋǌ	D

 ėOEJOH U*−**(**−***) = ƩF−Ƨ(ƥF−Ƨ) BQQSPYJ
NBUFMZ DPOTUBOU BDSPTT UIF SBOHFPG CBOEXJEUIT TUVEJFE ĉFNPWFNFOUPG UIFTF USBOTJUJPO SFHJPOT
JT BMTP TUSPOHMZ EFQFOEFOU PO UFNQFSBUVSF 	'JH Ǎǋǌ	E

 BOE WBMVFT PG U*−** BOE U**−*** BT B GVOD
UJPO PG UFNQFSBUVSF BMTP QMPĨFE 	JOTFU 'JH Ǎǋǌ	E

 UPHFUIFS XJUI ėUT PG UIF GPSN ZƤ + "5−Ʀ
	TPMJE MJOFT
 ĉF 5−Ʀ CFIBWJPS JT DPOTJTUFOU XJUI QSFWJPVT MPX UFNQFSBUVSF NFBTVSFNFOUT PG 5ƥF
PG 1C EFGFDUT TIPXJOH 5ƥF ∝ 5−Ʀ <ǉǎǍ>
ǍǋǍ 5ļĹŃŇĹŉĽķĵŀ ŁŃĸĹŀ
3FBMJTUJDBMMZ UIF QBDLFUT Fƥ BOE FƦ JO 'JH Ǎǋǉ BSF OPU JTPMBUFE GSPN PUIFS QBDLFUT XJUIJO UIF FMFD
USPO TQJO TZTUFN BOE EJQPMBS PSEFS XJMM QSPQBHBUF UISPVHI UIF TQJO TZTUFN JO B QSPDFTT LOPXO BT
Ǒǌ
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6B;m`2 8XjX9, .LS 2M?M+2K2Mi ҿ b  7mM+iBQM Q7 U- +- /V KQ/mHiBQM 7`2[m2M+v- U#V
KQ/mHiBQM #M/rB/i? 7i2` jyy b Q7 KB+`Qrp2 B``/BiBQM +2Mi2`2/ i 3yXNee :>xX JQp2@
K2Mi Q7 i?2 +?`+i2`BbiB+ KQ/mHiBQM 7`2[m2M+B2b rBi? BM+`2bBM; KQ/mHiBQM #M/rB/i? U+V
M/ i2KT2`im`2 U/VX AM UV M/ U#V HBM2b `2 T`QpB/2/ iQ ;mB/2 i?2 2v2X h?2 bQHB/ HBM2b BM
U+V M/ U/V `2 #B2tTQM2MiBH }ib /2b+`B#2/ BM i?2 i2tiX h?2 BMb2ib BM U+V M/ U/V b?Qr i?2
+?`+i2`BbiB+ KQ/mHiBQM 7`2[m2M+B2b 2ti`+i2/ 7`QK i?2 }ibX
ǑǍ
TQFDUSBM EJĎVTJPO ĉF EJQPMBS PSEFS DSFBUFE CZ TBUVSBUJOH B QBDLFU Fƥ BU GSFRVFODZ ӗFƥ XJMM UIFSF
GPSF CF USBOTGFSSFE UP PUIFS GSFRVFODZTFQBSBUFE QBDLFUT JO UIF TQJO TZTUFN ĉFTF QBDLFUT DBO
UIFO VOEFSHP UIFJS PXO ĚJQĚPQT BOE QPMBSJ[F MPDBM OVDMFBS TQJOT ĉF UJNFTDBMF GPS UIJT EJĎVTJPO
PG EJQPMBS PSEFS GPMMPXT B -PSFOU[JBO EJĎVTJPO LFSOFM JO TZTUFNT XJUI TJNJMBS DPODFOUSBUJPOT PG
QBSBNBHOFUJD EFGFDUT <ǉǉǉ> XIFSF UIF NBHOFUJ[BUJPO.(U, Ҿ, ҾƤ) BU UJNF U BU B GSFRVFODZ Ҿ BXBZ
GSPN UIF JSSBEJBUJPO GSFRVFODZ ҾƤ JT
.(U, Ҿ, ҾƤ) =
NU/Ӎ
(NU)Ʀ + (Ҿ − ҾƤ)Ʀ 	Ǎǉ

XIFSFN = (ρӗ)ƥ/Ʀ/(ƦU-) JT UIF EJĎVTJPO QBSBNFUFS GPS UIF TQJO TZTUFN BOE (ρӗ)ƥ/Ʀ JT UIF &43
MJOF XJEUI BOE U−ƥ- = 5ƥF−ƥ + 5ƥF−Ʀ JT UIF TQFDUSBM EJĎVTJPO UJNF
"ěFS UIFNJDSPXBWF TBUVSBUJPO PG QBDLFU Fƥ DFBTFT BT UIFNPEVMBUJPO GSFRVFODZNPWFT UISPVHI
UIF &43 MJOF UIF EJQPMBS PSEFS DSFBUFE EVSJOH UIF TBUVSBUJPO QSPDFTT XJMM UIFSNBMJ[F CBDL UP UIF
MBĨJDF PO UJNF TDBMF 5ƥF .PEVMBUJPO DPNQFUFT XJUI UIJT OBUVSBM TQFDUSBM EJĎVTJPO CZ BSUJėDJBMMZ
FOIBODJOH UIF TBUVSBUJPO PG PUIFS QBDLFUT XJUIJO UIF &43 MJOF ĉF OBUVSBM TQFDUSBM EJĎVTJPO QSP
DFTT JT UFNQFSBUVSF JOEFQFOEFOU BU MPX UFNQFSBUVSFT <ǉǉǉ> IPXFWFS EVF UP UIF TUSPOH UFNQFSB
UVSF EFQFOEFODF PG 5ƥF BSUJėDJBM NPEVMBUJPO XJMM IBWF B UFNQFSBUVSF EFQFOEFODF BT PCTFSWFE JO
'JH Ǎǋǋ BOE 'JHǍǋǌ "T UIF UFNQFSBUVSF JT JODSFBTFE 5ƥF BQQSPBDIFT 5ƦF BOE UIF TQJO QBDLFU
Fƥ XJMM SFMBY CBDL UP UIF MBĨJDF CFGPSF VOEFSHPJOH BOZ EJQPMBS JOUFSBDUJPO ĉFSFGPSF MFTT OBUVSBM
TQFDUSBM EJĎVTJPO UBLFT QMBDF BOE UIF FĎFDUT PG BSUJėDJBM NPEVMBUJPO BSF FOIBODFE 	'JH Ǎǋǋ	C


4JNJMBSMZ JODSFBTJOH UIF BQQMJFE NJDSPXBWF QPXFS JODSFBTFT UIF TBUVSBUJPO PG UIF JSSBEJBUFE FMFD
USPO TQJO QBDLFU "U IJHINJDSPXBWF QPXFST UIJT JODSFBTFE TBUVSBUJPO MFBET UP BO FOIBODFNFOU JO
OBUVSBM TQFDUSBM EJĎVTJPO BOE TP UIF FĎFDUT PG BSUJėDJBM NPEVMBUJPO BSF SFEVDFE 	'JH Ǎǋǋ	B


Ǒǎ
Ǎǌ $ŃłķŀŊňĽŃł
'PS UIF TJMJDPO NJDSPQBSUJDMF TBNQMF VOEFS TUVEZ UIF HSFBUFTU Ʀƭ4J QPMBSJ[BUJPO JT BDIJFWFE XJUI
UIF IJHIFTU BQQMJFE NJDSPXBWF QPXFS BOE MPXFTU PQFSBUJOH UFNQFSBUVSF /FWFSUIFMFTT UIF NPE
VMBUJPO UFDIOJRVF BQQMJFE UP B MPXFS QPXFS TPVSDF HFOFSBUFT QPMBSJ[BUJPOT BMNPTU BT IJHI BT UIF
VONPEVMBUFE IJHI QPXFS DBTF ĉJT UFDIOJRVF NBZ QSPWF VTFGVM UP DPNQFOTBUF GPS UIF MBDL PG B
IJHI QPXFS TPVSDF PS GPS XIFO FYQFSJNFOUBM MJNJUBUJPOT QSFWFOU UIF MPXFSJOH PG UIF UFNQFSBUVSF
8F OPUF UIBU UIF UFDIOJRVF JT OPU TQFDJėD UP EFGFDUT JO TJMJDPO BOE JU NBZ CF VTFGVM GPS FOIBODJOH
UIF OVDMFBS QPMBSJ[BUJPO PG BOZ TZTUFN UIBU IBT BO JOIPNPHFOFPVTMZ CSPBEFOFE &43 MJOF XIFSF
5−ƥƦF << ӗO << (5∗ƦF)−ƥ
"ķĿłŃŌŀĹĸĻŁĹłŉň
8F UIBOL $ 3BNBOBUIBO GPS NBOZ IFMQGVM EJTDVTTJPOT 8F BDLOPXMFEHF TVQQPSU GSPN UIF UIF
#*4)1SPHSBN 	$#&5ǈǑǋǋǈǉǍ
 BOE UIF)BSWBSE/4'/BOPTDBMF 4DJFODF BOE &OHJOFFSJOH$FO
UFS
ǑǏ
6
4ZOUIFTJT PG )JHI2VBMJUZ 4JMJDPO/BOPQBSUJDMFT
GPS )ZQFSQPMBSJ[FE Ʀƭ4J .BHOFUJD 3FTPOBODF
*NBHJOH
8F EFTDSJCF UIF TZOUIFTJT NBUFSJBMT DIBSBDUFSJ[BUJPO BOE EZOBNJD OVDMFBS QPMBSJ[BUJPO 	%/1
 PG TJM
JDPO OBOPQBSUJDMFT 	4J/1T
 GPS VTF BT IZQFSQPMBSJ[FE NBHOFUJD SFTPOBODF JNBHJOH 	.3*
 BHFOUT ĉF
QBSUJDMFT BSF TZOUIFTJ[FE UISPVHI B NFUBUIFTJT SFBDUJPO CFUXFFO TPEJVN TJMJDJEF BOE TJMJDPO UFUSBDIMPSJEF
UIFO TVSGBDF GVODUJPOBMJ[FEXJUI B WBSJFUZ PG QBTTJWBUJOH MJHBOET ĉFTF QBSUJDMFT TIPX TJHOJėDBOUMZ MPOHFS
Ǒǐ
TJ[FBEKVTUFE Ʀƭ4J TQJO MBĪJDF SFMBYBUJPO 	5ƥ 
 UJNFT 	 ȚȔȔ T
 UIBO PUIFS TJMJDPO QBSUJDMFT NFBTVSFE QSF
WJPVTMZ BOE SFUBJO UIFTF MPOH5ƥ UJNFT BĜFS IZQFSQPMBSJ[BUJPO CZ MPX UFNQFSBUVSF %/1Ǯ
ǎǉ *łŉŇŃĸŊķŉĽŃł
4ĽŀĽķŃł łĵłŃńĵŇŉĽķŀĹň 	4Ľ/1ň
 ŌĽŉļ ňĽŐĹň ŇĵłĻĽłĻ ĺŇŃŁ ǉ łŁ ŉŃ ǉǈǈ łŁ BSF PG HSFBU
JOUFSFTU BDSPTT NBOZ BSFBT PG SFTFBSDI JODMVEJOH UIFSNPFMFDUSJDT QIPUPWPMUBJDT OBOPFMFDUSPOJDT
BOE OBOPNFEJDJOF ĉF TNBMMFS TJ[FT 	 Ǎ ON
 FNJU MJHIU EVF UP RVBOUVN DPOėOFNFOU FĎFDUT
<ǉǎǎ ǉǎǏ> XIJMF MBSHFS TJ[FT 	 ǉǈ ON
 IBWF EFTJSBCMF FMFDUSPOJD USBOTQPSU QSPQFSUJFT BSF IJHIMZ
QVSTVFE GPS UIF QSPEVDUJPO PG QIPUPWPMUBJDT <ǉǎǐ ǉǎǑ> 4JMJDPO BOE JUT PYJEF EFSJWBUJWFT IBWF
FNFSHFE BT NBUFSJBMT PG DIPJDF GPS BQQMJDBUJPOT JO OBOPNFEJDJOF EVF UP UIFJS CJPDPNQBUJCJMJUZ
BOE CJPEFHSBEBCJMJUZ JOWJWP <ǋǑ ǉǏǈ> BOE BSF VOEFS JOWFTUJHBUJPO BT ESVH EFMJWFSZ WFIJDMFT <ǋǐ
ǉǎǉ ǉǏǉ ǉǏǊ> BOE JNBHJOH BHFOUT <ǋǐ ǋǑ ǉǋǐ ǉǏǋ ǉǏǌ> *OWJWP JNBHJOH PG TJMJDPO OBOPQBSUJDMFT
IBT CFFO BDIJFWFE WJB B WBSJFUZ PG UFDIOJRVFT JODMVEJOH PQUJDBM JNBHJOH <ǋǐ ǋǑ ǉǏǋ ǉǏǌ> QPTJUSPO
FNJTTJPO UPNPHSBQIZ 	1&5
 <Ǒ> BOENBHOFUJD SFTPOBODF JNBHJOH 	.3*
 <ǉǏǉ ǉǏǋ ǉǏǍ> .3* JT
BO BĨSBDUJWF UFDIOJRVF GPS OPOJOWBTJWF JNBHJOHCFDBVTF JU BMMPXTIJHIDPOUSBTU JNBHJOHPG PQBRVF
TUSVDUVSFT XJUI EFUBJMFE BOBUPNJDBM SFTPMVUJPO XJUIPVU UIF VTF PG JPOJ[JOH SBEJBUJPO *OWJWP.3*
PG TJMJDPO QBSUJDMFT IBT HFOFSBMMZ CFFO QFSGPSNFE UISPVHI UIF JODPSQPSBUJPO PG QBSBNBHOFUJD NB
UFSJBMT <ǉǏǉ ǉǏǍ> UIBU EJTSVQU UIF SFMBYBUJPO BOE DPIFSFODF UJNFT PG QSPYJNBM ƥ) OVDMFJ SFTVMUJOH
JO OFHBUJWF DPOUSBTU PO B ƥ) BOBUPNJDBM JNBHF 3FDFOUMZ B OFX UFDIOJRVF IBT CFFO EFNPOTUSBUFE
GPS QPTJUJWFDPOUSBTU JNBHJOH PG TJMJDPO QBSUJDMFT VTJOH .3* <ǉǋǐ> XIFSF UIF Ʀƭ4J OVDMFJ XJUIJO
TJMJDPO QBSUJDMFT 	ǌǏ ƻ OBUVSBM BCVOEBODF
 BSF IZQFSQPMBSJ[FE BOE JNBHFE EJSFDUMZ JOWJWP VTJOH
Ʀƭ4J.3*ĉJT UFDIOJRVF BMMPXT GPS CBDLHSPVOEGSFF JNBHJOH TJNJMBS UP 1&5 CVU XJUIPVU UIF VTF
ǮĉJT DIBQUFS JT TVCNJĨFE GPS QVCMJDBUJPO BT 4ZOUIFTJT PG )JHI2VBMJUZ 4JMJDPO /BOPQBSUJDMFT GPS )ZQFSQPMBSJ[FE
Ʀƭ4J .BHOFUJD 3FTPOBODF *NBHJOH XJUI BVUIPST 5. "ULJOT . $ $BTTJEZ . -FF 4 (BOHVMZ $ . .BSDVT BOE
4. ,BV[MBSJDI 3FQSPEVDFE XJUI QFSNJTTJPO GSPN /BOP-FĨFST TVCNJĨFE GPS QVCMJDBUJPO 6OQVCMJTIFE XPSL
DPQZSJHIU 	ǊǈǉǊ
 "NFSJDBO $IFNJDBM 4PDJFUZ
ǑǑ
PG JPOJ[JOH SBEJBUJPO ĉF JOJUJBM JOWJWP EFNPOTUSBUJPOT PG Ʀƭ4J IZQFSQPMBSJ[FE .3* EFTDSJCFE
JO $IBQUFS ǐ VUJMJ[FE DPNNFSDJBMMZ TPVSDFENJDSPOTDBMF QBSUJDMFT UIBU DPVME CFNPOJUPSFE JO UIF
JOWJWP FOWJSPONFOU GPS PWFS ǌǈ NJOVUFT *O JOUSBWFOPVT TUVEJFT UIFTF QBSUJDMFT XFSF DPOėOFE UP
UIF WBTDVMBS TUSVDUVSF PG UIF BOJNBM BT UIFJS TJ[F SFOEFSFE UIFN VOBCMF UP DSPTT UIF DFMM XBMM
" WBSJFUZ PGNFUIPET IBWF CFFO JOWFTUJHBUFE GPS QSFQBSJOH TJMJDPO OBOPQBSUJDMFT 6TF PG UIFSNBM
UFDIOJRVFT TVDI BT MBTFS QZSPMZTJT BOE UIFSNBM EFDPNQPTJUJPO IBT CFFOXJEFTQSFBE <Ǎ ǉǏǎmǉǏǐ>
CVU DPOUSPM PWFS TJ[F BOENBUFSJBMT QSPQFSUJFT VTJOH UIFTF UFDIOJRVFT JT QPPS ĉFSF IBT CFFO TPNF
TVDDFTT JO QSPEVDJOH Ǎ  Ǌǈ ON EJBNFUFS 4J/1T CZ SFWFSTF NJDFMMF VOEFS IJHI UFNQFSBUVSFT BOE
QSFTTVSFT XJUI MJNJUFE ZJFME <ǉǏǑ> 4ZOUIFUJD DPMMPJEBM DIFNJTUSZ BMMPXT UIF TJNVMUBOFPVT DPOUSPM
PG CPUI UIF TJ[F BOE TVSGBDF PG UIF OBOPQBSUJDMF PĎFSJOH QSPTQFDUT PG DSFBUJOH MBSHF RVBOUJUJFT PG
IJHI QVSJUZ NPOPEJTQFSTF TJMJDPO OBOPQBSUJDMF TBNQMFT 5P EBUF QSJPS SFTFBSDI JOWFTUJHBUFE UIF
SFBDUJPOPGNFUBM TJMJDJEFTXJUI TJMJDPO UFUSBDIMPSJEF JOEJNFUIPYZFUIBOFXJUI TJMJDPOOBOPQBSUJDMFT
ǉ  Ǌ ON JO EJBNFUFS SFQPSUFE <ǉǐǈ> ĉF SFBDUJPO PG UIF ;JOUM TBMU XJUI BNNPOJVNIBMJEF IBT BMTP
CFFO SFQPSUFEXJUI BWFSBHF TJ[FT PG ǌ ON <ǉǐǉ> ĉFSFGPSF UIF TDPQF FYJTUT GPS SFėOFNFOU PG UIFTF
UFDIOJRVFT UP QSPEVDF MBSHFS TJMJDPO OBOPQBSUJDMFT XJUI EJBNFUFST HSFBUFS UIBO ǉǈ ON UIBU NBZ CF
VTFE GPS IZQFSQPMBSJ[FE Ʀƭ4J JOWJWP JNBHJOH XJUIJO UIF DFMMVMBS FOWJSPONFOU
"U TUBOEBSE FYQFSJNFOUBM UFNQFSBUVSFT BOENBHOFUJD ėFMET UIF QPMBSJ[BUJPO PG B CBUI PG OVDMFBS
TQJOT JT FYUSFNFMZ MPX PO UIF PSEFS PG POF QBSU JO ǉǈ−Ʃ  ǉǈ−ƫ EFQFOEJOH PO UIF OVDMFBS TQFDJFT
)ZQFSQPMBSJ[BUJPO JODSFBTFT UIF OVDMFBS TQJO QPMBSJ[BUJPO CZ TFWFSBM PSEFST PG NBHOJUVEF BMMPX
JOH UIF JOWFTUJHBUJPO PG XFBL OVDMFBS TQFDJFT CZ OVDMFBS NBHOFUJD SFTPOBODF 	/.3
 JO MPX DPO
DFOUSBUJPOT <ǐǌ> ĉF FĎFDU IBT CFFO FYQMPJUFE BDSPTT NBOZ BSFBT PG DIFNJTUSZ CJPMPHZ QIZTJDT
BOE NFEJDJOF )ZQFSQPMBSJ[BUJPO IBT CFFO VTFE JO NBUFSJBMT TDJFODF BT B OBOPTDBMF DIBSBDUFSJ[B
UJPO UPPM <ǉǐǊ ǉǐǋ> XIJMF JO CJPDIFNJTUSZ JU IBT CFFO VTFE UP SFWFBMFE UIF TUSVDUVSF PG DPNQMFY
CJPNPMFDVMFT TVDI BT QSPUFJOT BOE QFQUJEFT <ǉǐǌmǉǐǎ> *O DMJOJDBM BQQMJDBUJPOT IZQFSQPMBSJ[FE
OPCMF HBTFT IBWF BMMPXFE EFUBJMFE JNBHJOH PG UIF MVOH <Ǎǋ> BOE NFUBCPMJUFT TVDI BT ƥƧ$ MBCFMFE
QZSVWBUF IBWF CFFO VTFE GPS NPOJUPSJOH UIFSBQZ JO PODPMPHZ <ǍǍ ǎǉ>
ǉǈǈ
ĉF TQJO MBĨJDF SFMBYBUJPO UJNF 	5ƥ
 TFUT UIF BQQSPYJNBUF UJNF TDBMF GPS XIJDI UIF TJHOBM GSPN
UIF IZQFSQPMBSJ[FE OVDMFJ DBO CF PCTFSWFE GPS JNBHJOH .PTU FOSJDIFE NFUBCPMJUFT BOE OPCMF
HBTFT IBWF 5ƥ UJNFT PO UIF PSEFS PG Ǎ  ǋǈ T JO UIF JOWJWP FOWJSPONFOU BT UIF OVDMFJ BSF TUSPOHMZ
DPVQMFE UP MPDBM ƥ) TQJOT *O TPMJETUBUF TQJOǉǊ NBUFSJBMT TVDI BT TJMJDPO UIF QSJNBSZ TPVSDF PG
OVDMFBS TQJOMBĨJDF SFMBYBUJPO JT WJB BO JOUFSBDUJPO XJUI VOCPOEFE FMFDUSPOT PS IPMFT XIJDI PDDVS
JO UIF GPSN PG GSFF DBSSJFST PS QBSBNBHOFUJD DFOUFST FYJTUJOH BU MBĨJDF EFGFDU TJUFT PS BU UIF TVSGBDF
*G UIFNBUFSJBM JT QVSF UIF OVDMFBS TQJO QPMBSJ[BUJPO JT MBSHFMZ QSPUFDUFE GSPN TPVSDFT PG SFMBYBUJPO
SFTVMUJOH JO CVML UJNFT PG NBOZ IPVST <ǏǑ ǐǌ ǉǋǐ> 1SFWJPVT /.3 JOWFTUJHBUJPOT PG TJMJDPO NJ
DSP BOE OBOPQBSUJDMFT TIPXFE UIBU SFEVDJOH UIF CVML UP UIF OBOPTDBMF SFTVMUT JO 5ƥ UJNFT UIBU BSF
TUSPOHMZ EFQFOEFOU PO UIF QBSUJDMF TJ[F QVSJUZ BOE EFOTJUZ PG JTPMBUFE EFGFDUT <ǉǋǐ> ĉF ƥƧ$ OV
DMFVT JO EJBNPOE JT BOPUIFS TPMJETUBUF TQJOǉǊ TZTUFN VOEFS JOWFTUJHBUJPO BT B IZQFSQPMBSJ[FE
JNBHJOH BHFOU IPXFWFS NFBTVSFE 5ƥ UJNFT BSF FYUSFNFMZ TIPSU MFTT UIBO Ǌ T GPS QBSUJDMFT Ǎ  ǋǈ
ON JO EJBNFUFS <ǉǐǏ>
*O UIJT $IBQUFS XF EFTDSJCF UIF DPMMPJEBM TZOUIFTJT PG IJHIRVBMJUZ TJMJDPO OBOPQBSUJDMFT XJUI
TJ[F ǉǈ ON #Z DPOUSPMMJOH TUPJDIJPNFUSZ BOE TZTUFNBUJDBMMZ WBSZJOH UIF TPMWFOU BOE DBQQJOH MJH
BOET UIF NBUFSJBMT QSPQFSUJFT TVDI BT TJ[F QVSJUZ BOE TVSGBDF UFSNJOBUJPO DPVME CF UVOFE ĉJT
SFTVMUT JO QBSUJDMFT UIBU IBWF TJHOJėDBOUMZ MPOHFS TJ[FBEKVTUFE Ʀƭ4J OVDMFBS TQJO SFMBYBUJPO 	5ƥ

UJNFT UIBO PUIFS DPNNFSDJBMMZ TPVSDFE TJMJDPO QBSUJDMFT <ǉǋǐ> BT XFMM BT EJBNPOE OBOPQBSUJDMFT
PG TJNJMBS TJ[FT <ǉǐǏ> 8F TIPX UIBU BMM PG UIFTF QBSUJDMFT DBO CF IZQFSQPMBSJ[FE CZ %/1 BOE IPME
UIFJS QPMBSJ[BUJPO ĉFTF TJMJDPO OBOPQBSUJDMFT NBZ CF VTFGVM GPS JOWJWP JNBHJOH TUVEJFT VTJOH
TJMJDPO OBOPQBSUJDMFT UIBU BSF TNBMM FOPVHI UP FOUFS UIF DFMMVMBS FOWJSPONFOU
ǉǈǉ
ǎǊ 4ĵŁńŀĹň ĵłĸ ĹŎńĹŇĽŁĹłŉĵŀ ŁĹŉļŃĸň
ǎǊǉ $ļĹŁĽķĵŀň
4JMJDPO UFUSBDIMPSJEF 	4J$Mƨ ǑǑǑǑǐ ƻ
 XBT QVSDIBTFE GSPN "MESJDI BOE XBT EJTUJMMFE 4JMJDPO
UFUSBJPEJEF 	4J*ƨ ǑǑ ƻ
 BOE TJMJDPO UFUSBCSPNJEF 	4J#Sƨ ǑǑƻ
 XFSF QVSDIBTFE GSPN "MGB "F
TBS BOE XFSF VTFE XJUIPVU GVSUIFS USFBUNFOU 4PEJVN IZESJEF QPXEFS 	/B) ǑǍ ƻ
 BOE TJMJ
DPO QPXEFS 	4J ǑǑ ƻ
 XFSF QVSDIBTFE GSPN 4JHNB"MESJDI BOE XFSF VTFE XJUIPVU GVSUIFS USFBU
NFOU "NNPOJVN CSPNJEF 	/)ƨ#S  ǑǑǑǑ ƻ
 XBT QVSDIBTFE GSPN 4JHNB"MESJDI BOE ESJFE
CFGPSF VTF ĉF BSPNBUJD IBMJEF ǌCSPNPBOJMJOF 	$ƪ)ƪ#S/ ǑǏ ƻ
 BOE UIF BMLZM IBMJEF PDUZM CSP
NJEF 	$Ƭ)ƥƪ#S ǑǑ ƻ
 XFSF QVSDIBTFE GSPN "MESJDI BOE XFSF VTFE XJUIPVU GVSUIFS USFBUNFOU
5FUSBFUIZMPSUIPTJMJDBUF 	5&04 ǑǑǑǑǑƻ
 BOE QPMZ	FUIZMFOF HMZDPM
 NFUIZM FUIFS 	1&(
 XFSF
QVSDIBTFE GSPN"MESJDI "NJOPQSPQZMUSJNFUIPYZTJMBOF 	"15.4 ǑǏƻ
 BOE EJPDUZMFUIFS 	%0&
ǑǑƻ
 EJNFUIPYZFUIBOF 	%.& ǑǑƻ
 BOE TRVBMBOF 	$ƧƤ)ƪƦ
 XFSF QVSDIBTFE GSPN "MESJDI "MM
NBOJQVMBUJPOT XFSF DBSSJFE PVU VOEFS ESZ /Ʀ JO FJUIFS B HMPWF CPY PS B 4DIMFOL MJOF VTJOH TUBO
EBSE BOBFSPCJD BOE BOIZESPVT UFDIOJRVFT $"65*0/ 4PEJVN IZESJEF QPXEFS JT SFBDUJWF UP
PYZHFO NPJTUVSF BOE NVTU CF IBOEMFE VOEFS BO JOFSU BUNPTQIFSF XJUI DBSF
ǎǊǊ 1ŇĹńĵŇĵŉĽŃł Ńĺ /Bƨ4Jƨ ńŇĹķŊŇňŃŇ
4PEJVN TJMJDJEF XBT QSFQBSFE BDDPSEJOH UP B NPEJėFE QSPDFEVSF QVCMJTIFE JO 3FG <ǉǎǎ> " IJHI
FOFSHZ 4QFY ǐǈǈǈ . CBMM NJMM XJUI B UVOHTUFO DBSCJEF NJMMJOH WJBM BOE UXP UVOHTUFO DBSCJEF CBMMT
	EJBNFUFS PG ǉ DN
 XBT VTFE UP CBMMNJMM NJYUVSFT PG /B) BOE 4J ĉF TUBSUJOH NBUFSJBMT XFSF
USBOTGFSSFE UP BNJMMJOH WJBM JOTJEF B HMPWF CPY ėMMFEXJUI/Ʀ ĉFNJMMJOH WJBM XBT XSBQQFE JO TBSBO
XSBQ JO PSEFS UP SFEVDF PYZHFO EJĎVTJPO EVSJOH CBMMNJMMJOH ĉF NJMMJOH XBT QFSGPSNFE GPS ǋǈ
NJO UPPCUBJO BIPNPHFOPVTQPXEFS GPMMPXFECZXIJDI UIFNJMMJOH WJBMXBT USBOTGFSSFECBDL UP UIF
HMPWF CPY ĉF NJMMFE NJYUVSF PG /B) BOE 4J XBT QMBDFE JOUP B ǉ N- BMVNJOB DSVDJCMF XJUI B ǉǍ
N- BMVNJOB CPBU BT B DPWFS ĉF DSVDJCMFT XFSF QMBDFE JOUP B RVBSU[ UVCF XJUI SVCCFS TUPQDPDLT
ǉǈǊ
PO CPUI FOET ĉF RVBSU[ UVCF XBT SFNPWFE GSPN UIF HMPWF CPY BOE QMBDFE JO B IPSJ[POUBM UVCF
GVSOBDF BOE DPOOFDUFE UP "S ĚPXJOH BU ǋǈ N-NJO XJUI B NJOFSBM PJM CVCCMFS PVUMFU ĉF RVBSU[
UVCF XBT IFBUFE BU ǌǊǈ◦$ GPS ǌǐ I "ěFS DPPMJOH UP SPPN UFNQFSBUVSF UIF CMBDL QSPEVDU XBT
USBOTGFSSFE JO BO BJSGSFF NBOOFS UP UIF HMPWF CPY GPS GVSUIFS NBOJQVMBUJPO $"65*0/ /Bƨ4Jƨ
JT IJHIMZ SFBDUJWF UP NPJTUVSF BOE NVTU CF IBOEMFE VOEFS BO JOFSU BUNPTQIFSF XJUI DBSF
ǎǊǋ 4ŏłŉļĹňĽň Ńĺ 4ĽŀĽķŃł/1ň ŋĽĵ 4ŃĸĽŊŁ 4ĽŀĽķĽĸĹ ŌĽŉļ 4ĽŀĽķŃł ŉĹŉŇĵķļŀŃŇĽĸĹ
"OJMJOF BOE BMLZM UFSNJOBUFE TJMJDPO OBOPQBSUJDMFT XFSF QSFQBSFE CZ SFBDUJOH UIF IBMPHFOBUFE TJM
JDPO OBOPQBSUJDMFT XJUI FJUIFS Ǌǈ N- PG ǈǍ. ǌ%JNFUIZM BNJOP QIFOZMNBHOFTJVN CSPNJEF
	$ƪ)ƪ/.H#S
 JO 5)' PS ǊǊ N- PG ǈǍ. PDUZMNBHOFTJVN CSPNJEF 	$Ƭ)ƥƪ.H#S
 JO 5)' SF
TQFDUJWFMZ ĉF(SJHOBSE SFBDUJPO XBT QFSGPSNFE VTJOH ǌǉ ǋǉ BOE Ǌǉ SBUJPT PG /Bƨ4Jƨ UP 4J$Mƨ
ĉF DPPMFE IBMPHFOBUFE TJMJDPO OBOPQBSUJDMF TPMVUJPO XBT FWBQPSBUFE BOE ǉǈǈ N- PG BOIZESPVT
5)' XBT QMBDFE JO UIF ĚBTL BOE BMMPXFE UP TUJS ĉF (SJHOBSE SFBHFOU XBT BEEFE ESPQXJTF ĉF
NJYUVSF XBT BMMPXFE UP SFĚVY PWFSOJHIU ĉF SFBDUJPO XBT BMMPXFE UP DPPM BOE UIF TPMVUJPO XBT
TFQBSBUFE CZ DFOUSJGVHBUJPO 	ǐǈǈǈ SQN GPS Ǌǈ NJO
 ĉF MJRVJE MBZFS XBT EFDBOUFE BOE UIF TPMJE
XBT QMBDFE JOUP B TFQBSBUPSZ GVOOFM XJUI B XBUFS IFYBOF MBZFS BOE UIF TVTQFOEFE MBZFS PG TPMJE CF
UXFFO UIFXBUFSIFYBOF MBZFS XBT JTPMBUFE ĉF TPMJEXBTXBTIFE UISFF UJNFTXJUI B UPUBM PG ǎǈN-
PG NFUIBOPM BOE DFOUSJGVHFE ĉJT QSPEVDFE TJMJDPO OBOPQBSUJDMFT XJUI B ZJFME PG BQQSPYJNBUFMZ
ǋǈƻ
ǎǊǌ 4ŏłŉļĹňĽň Ńĺ 4ĽŀĽķŃł/1ň ŋĽĵ 4ŃĸĽŊŁ 4ĽŀĽķĽĸĹŌĽŉļ ňĽŀĽķŃł ŉĹŉŇĵķļŀŃŇĽĸĹ ĵł
łĹĵŀĽłĻ ĵłĸ ĵŁĽłŃ ńŇŃńŏŀ ŉŇĽŁĹŉļŃŎŏňĽŀĵłĹ ķŃĵŉĽłĻ
ĉF DPBUJOH XBT B NPEJėFE QSPDFEVSF QSFWJPVTMZ QVCMJTIFE JO 3FG <ǉǐǐ> ĉF XBTIFE TPMJE PC
UBJOFE GSPN UIF TZOUIFTJT PG TPEJVN TJMJDJEF XJUI 4J$Mǌ XBT QMBDFE JOUP Ǎ N- PG NFUIBOPM BOE
BMMPXFE UP TUJS PWFSOJHIU ĉF TPMWFOU XBT FWBQPSBUFE CZ SPUBSZ FWBQPSBUJPO BOE XBT BOOFBMFE BU
ǎǍǈ◦$ GPS ǊǈNJOVUFT VOEFS BO ǐǈǊǈ )Ʀ//Ʀ HBT ĚPXNJYUVSF ĉF TPMJE XBT QMBDFE CBDL JO GSFTI
ǉǈǋ
%.& BOE Ǎ N- PG )Ʀ0 XBT BEEFE BOE BMMPXFE UP TUJS PWFSOJHIU GPMMPXFE CZ UIF BEEJUJPO PG ǈǋ
N- 	ǉǐNNPM
 PG BNJOP QSPQZMUSJNFUIPYZTJMBOF BOE UIF SFTVMUJOH TPMVUJPOXBT TUJSSFE PWFSOJHIU
ĉF TPMWFOU XBT FWBQPSBUFE VOEFS SFEVDFE QSFTTVSF ĉF TPMJE XBT XBTIFE XJUI )1-$ )Ʀ0 UP
SFNPWF BOZ VOSFBDUFE "15.4
ǎǊǍ $ļĵŇĵķŉĹŇĽŐĵŉĽŃł
1PXEFS 9SBZ EJĎSBDUJPO 	93%
 XFSF QFSGPSNFE VTJOH BO BJS TFOTJUJWF IPMEFS PO B #SVLFS %ǐ
EJĎSBDUPNFUFS PQFSBUJOH BU ǌǈ L7 BOEǌǈN"XJUI$V, SBEJBUJPO 	Ӈ ǈǉǍǌǉǐǌON
 .PSQIPMPHZ
BOE DIFNJDBM GVODUJPOBMJUZ XFSF BOBMZ[FE CZ B $.ǉǊ USBOTNJTTJPO FMFDUSPO NJDSPTDPQF 	5&.

XJUI BO BDDFMFSBUJOH WPMUBHF PG ǉǊǈ L7 BOE B 4IJNBE[V *3 1SFTUJHFǊǉ 'PVSJFS USBOTGPSN JOGSBSFE
TQFDUSPQIPUPNFUFS 	'5*3
)JHI SFTPMVUJPO5&.	)35&.
XBT QFSGPSNFE PO B +&0- ǊǍǈǈ4&
4DIPĨLZ FNJĨFS NJDSPTDPQF PQFSBUJOH BU ǊǈǈL7 BOE FRVJQQFE XJUI B (BUBO NVMUJTDBO DBNFSB
5&. TBNQMFT XFSF QSFQBSFE CZ EJTTPMWJOH UIF TJMJDPO OBOPQBSUJDMFT JOUP JTPQSPQBOPM BOE EJQQJOH
UIF HSJET JOUP UIF TPMVUJPO 'PS )35&. B ESPQ PG UIF TPMVUJPO XBT QVU PO UIF DPQQFS HSJE BOE
ESJFE PWFSOJHIU VOEFS B IFBU MBNQ 3BNBO TQFDUSPTDPQZ XBT QFSGPSNFE PO B 3FOJTIBX 3.ǉǈǈǈ
MBTFS3BNBONJDSPTDPQF FRVJQQFEXJUI"SHPOǍǉǌON MBTFS GPS FYDJUBUJPO HVJEFECZ BNJDSPQSPCF
$POUJOVPVT XBWF YCBOE FMFDUSPO TQJO SFTPOBODF NFBTVSFNFOUT XFSF QFSGPSNFE PO UIF TBNQMFT
BU SPPN UFNQFSBUVSF 	#SVLFS &MFY4ZT &Ǎǈǈ
 ĉF BD ėFME 	BNQMJUVEF ǈǈǈǉN5 GNPE  ǉǈǈ L)[

XBT TXFQU GSPN ǋǌǋǍ N5 UP ǋǍǐǍ N5 PWFS B QFSJPE PG ǎǈ T "O FTUJNBUF PG UIF FMFDUSPO TQJO DPO
DFOUSBUJPO PO UIF QBSUJDMF TVSGBDF XBT NBEF CZ UBLJOH &43 TQFDUSB XJUI B QJFDF PG QIPTQIPSVT
EPQFE TJMJDPO XBGFS BMTP JOTFSUFE JO UIF TQFDUSPNFUFS DBWJUZ ĉF BEEJUJPO PG UIF XBGFS QJFDF SF
TVMUFE JO UIF BQQFBSBODF PG BEEJUJPOBM &43 TJHOBM EVF UP UIF OUZQF EPQJOH $PNQBSJOH UIF QFBL
BSFBT BOE VTJOH UIF LOPXO EPQJOH MFWFM PG UIF XBGFS QJFDF 	ǈǈǈǐ  ǈǈǉ ϕDN
 ZJFMEFE BO PSEFS
PGNBHOJUVEF FTUJNBUF PG UIF NFBO WPMVNF EFOTJUZ PG EFGFDU TQJOT
ǉǈǌ
ǎǊǎ 3ŃŃŁ ŉĹŁńĹŇĵŉŊŇĹ Ʀƭ4Ľ 5ƥ ŁĹĵňŊŇĹŁĹłŉň
ĉF SPPN UFNQFSBUVSF 5ƥ PG UIF TBNQMFT XFSF NFBTVSFE BU #  ǊǐǑ 5 XJUI B TBUVSBUJPO SFDPWFSZ
$BSS1VSDFMM.FJCPPN(JMM 	$1.(
 TFRVFODF " USBJO PG ǋǊ IBSE Ӎ/Ʀ QVMTFT TBUVSBUFE SFTJE
VBM NBHOFUJ[BUJPO BOE UIF TBNQMF XBT BMMPXFE UP QPMBSJ[F GPS B UJNF ӑ ĉF NBHOFUJ[BUJPO XBT
SPUBUFE UP UIF USBOTWFSTF QMBOF XJUI B TJOHMF Ӎ/Ʀ QVMTF BOE 	/Ǌǈǈ
 Ӎ QVMTFT QFSGPSNFE ĉF
FDIPT GPMMPXJOH FBDI PG UIF Ӎ QVMTFT XFSF 'PVSJFS USBOTGPSNFE BOE UIF IFJHIU PG UIF QFBL XBT
VTFE BT B NFBTVSF PG UIF OVDMFBS QPMBSJ[BUJPO ĉF EBUB XBT ėĨFE XJUI BO FYQPOFOUJBM GVODUJPO
1 = 1Ƥ + "F−ӑ/5ƥ BOE UIF DIBSBDUFSJTUJD QPMBSJ[BUJPO UJNF DPOTUBOU 	5ƥ
 FYUSBDUFE
ǎǊǏ Ʀƭ4Ľ ĸŏłĵŁĽķ łŊķŀĹĵŇ ńŃŀĵŇĽŐĵŉĽŃł
-PX UFNQFSBUVSFNJDSPXBWF JOEVDFE EZOBNJD OVDMFBS QPMBSJ[BUJPO 	%/1
XBT QFSGPSNFE BU 5 
ǋǎ , VTJOH B IPNFCVJMU %/1 QPMBSJ[FS PQFSBUJOH BU #  ǊǐǑ 5 G&43  ǐǉ()[ %FUBJMT PG UIF QP
MBSJ[FS DPOTUSVDUJPO BSF EFTDSJCFE JO "QQFOEJY " " TBEEMF DPJM UIBU DPVME CF UVOFE BDSPTT B XJEF
SBOHF PG UFNQFSBUVSFT XBT VTFE GPS /.3 EFUFDUJPO ĉF Ʀƭ4J OVDMFBS QPMBSJ[BUJPO XBT NFBTVSFE
JOTJUV VOEFS %/1 DPOEJUJPOT VTJOH B TBUVSBUJPO SFDPWFSZ TFRVFODF " USBJO PG ǋǊ IBSE Ӎ/Ʀ QVMTFT
TBUVSBUFE SFTJEVBM NBHOFUJ[BUJPO BOE UIF TBNQMF XBT BMMPXFE UP QPMBSJ[F GPS B UJNF ӑ ĉF NBH
OFUJ[BUJPO XBT SPUBUFE UP UIF USBOTWFSTF QMBOF XJUI B TJOHMF Ӎ/Ʀ QVMTF BOE UIF GSFF JOEVDUJPO EFDBZ
NFBTVSFE ĉF BSFB VOEFS UIF 'PVSJFS USBOTGPSNFE QFBL XBT VTFE BT BNFBTVSF PG UIF Ʀƭ4J OVDMFBS
QPMBSJ[BUJPO 'PS EFQPMBSJ[BUJPO NFBTVSFNFOUT UIF TBNQMFT XFSF QPMBSJ[FE BU UIF GSFRVFODZ HJW
JOH UIF IJHIFTU OVDMFBS QPMBSJ[BUJPO GPS ǎ I ĉFNJDSPXBWFT XFSF UIFO UVSOFE PĎ BOE UIF SFNBJO
JOH Ʀƭ4J QPMBSJ[BUJPONFBTVSFE XJUI TFSJFT PG Ǌǈ EFHSFF QVMTFT TFQBSBUFE CZ ǉǈǈ T "NBUIFNBUJDBM
DPSSFDUJPO XBT BQQMJFE JO QPTU QSPDFTTJOH UP UBLF JOUP BDDPVOU UIF FYDFTT NBHOFUJ[BUJPO VTFE VQ
CZ FBSMJFS QVMTFT JO UIF TFRVFODF
ǉǈǍ
6B;m`2 eXjXR, avMi?2iB+ b+?2K2 mb2/ iQ T`Q/m+2 aBLSb rBi? bBx2b ∼Ry MKX UV wBMiH bHi-
L9aB9 rBi? aB*H9- `2+i2/ rBi? Q+ivHK;M2bBmK #`QKB/2- U#V wBMiH bHi- L9aB9 rBi? aB*H9-
`2+i2/ rBi? 9@/BK2i?vHKBMQT?2MvHK;M2bBmK #`QKB/2 M/ U+V wBMiH bHi- L9aB9- rBi?
aB*H9 M/ MM2H2/ M/ TbbBpi2/ rBi? KBMQT`QTvHi`BK2i?Qtv bBHM2X
ǎǋ 3ĹňŊŀŉň
ǎǋǉ .ĵŉĹŇĽĵŀň ķļĵŇĵķŉĹŇĽŐĵŉĽŃł
8F VTFE B NFUBUIFTJT SFBDUJPO PG TPEJVN TJMJDJEF 	/Bƨ4Jƨ
 XJUI B TJMJDPO UFUSBDIMPSJEF 	4J$Mƨ
 BT
B CBTJT GPS GPSNJOH DIMPSJOBUFE 4J/1T 	'JH ǎǋǉ
 ĉJT DPOTJTUFOUMZ QSPEVDFE 4J/1T XJUI OBSSPX
TJ[FEJTUSJCVUJPOT 4JMJDPO UFUSBCSPNJEF BOE TJMJDPO UFUSBJPEJEFXFSF BMTP JOWFTUJHBUFE BT QSFDVSTPST
BOE QSPEVDFE TJNJMBS SFTVMUT
ĉF DIMPSJOBUFE 4J/1T XFSF TVSGBDF QBTTJWBUFE XJUI BO BMLBOF PS BO BSPNBUJD BNJOF CZ SFBDU
JOH UIFN XJUI (SJHOBSE SFBHFOUT PDUZMNBHOFTJVN CSPNJEF 	$Ƭ)ƥƪ.H#S
 	'JH ǎǋǉ	B

 BOE ǌ
EJNFUIZM BNJOP QIFOZMNBHOFTJVN CSPNJEF 	$ƪ)ƪ/.H#S
 	'JH ǎǋǉ	C

 JO EJNFUIPYZFUIBOF
	%.&
PS EJPDUZM FUIFS 	%0&
4RVBMBOF 5P FOIBODF UIF DSZTUBMMJOJUZ PG UIF 4J/1T XF BOOFBMFE
UIF DIMPSJOBUFE 4J/1T JO GPSNJOH HBT BU ǎǍǈ◦ GPS Ǌǈ NJOT BOE QBTTJWBUFE UIFTF 4J/1T XJUI BNJOP
QSPQZMUSJNFUIPYZ TJMBOF 	"15.4
 	'JH ǎǋǉ	D

 3FQSFTFOUBUJWF USBOTNJTTJPO FMFDUSPO NJDSP
TDPQF 	5&.
 JNBHFT PG 4J/1T QSPEVDFE CZ TFQBSBUF SFBDUJPOT BSF TIPXO JO 'JH ǎǋǊ BOE IBWF
ǉǈǎ
6B;m`2 eXjXk, _2T`2b2MiiBp2 h1J BK;2b Q7 aBLSb 7Q` i?2 i?`22 bvMi?2iB+ b+?2K2b /2@
b+`B#2/ BM 6B;X eXjXRU@+VX h?2 bBx2 /Bbi`B#miBQMb `2 b?QrM BM i?2 BMb2iX //BiBQMH BMb2i BM
U+V b?Qrb >_h1J Q7 +`vbiHHBM2 aBLSb 7QHHQrBM; MM2HBM;X
TJ[F EJTUSJCVUJPOT PG 	B
 ǑǏ± ǉǑ GPS UIF PDUZM UFSNJOBUFE 4J/1T 	C
 ǉǈǋ± ǊǏ ON GPS UIF BOJ
MJOF UFSNJOBUFE 4J/1T BOE 	D
 ǉǈǌ± ǋǉ ON GPS UIF BOOFBMFE BNJOF UFSNJOBUFE USJNFUIPYZTJMBOF
"MM SFBDUJPO TDIFNFT QSPEVDFE EJTQFSTFE 4J/1 TBNQMFT UIBU TVTQFOEFE JO TPMVUJPO BOE XFSF GSFF
GSPNBHHSFHBUJPO JOEJDBUJOH HPPE UFSNJOBUJPOPG UIF QBSUJDMF TVSGBDF ĉFBOOFBMFE4J/1T TIPXFE
B WJTJCMF EJBNPOE DSZTUBMMJOF MBĨJDF TUSVDUVSF VOEFS IJHI SFTPMVUJPO5&.	JOTFU 'JH ǎǋǊ	D

 BOE
TIPXFE OP BEEJUJPOBM BHHSFHBUJPO BěFS BOOFBMJOH EVF UP TJOUFSJOH
8F VTFE QPXEFS YSBZ EJĎSBDUJPO 	93%
 BOE 3BNBO TQFDUSPTDPQZ UP EFUFSNJOF UIF EFHSFF PG
DSZTUBMMJOJUZ PG UIF BTHSPXO BOE BOOFBMFE QBSUJDMFT 	'JH ǎǋǋ
 ĉF NFUBUIFTJT SFBDUJPO TDIFNF
DPOTJTUFOUMZQSPEVDFEBNPSQIPVT4J/1T BTEFUFSNJOFECZ UIFJS OFHMJHJCMF93%TJHOBM 	'JH ǎǋǋ	B


ǉǈǏ
#VML DSZTUBMMJOF 4J #VML BNPSQIPVT 4J /BOPTDBMF 4J
3BNBO 4USFUDI 	DN−ƥ
 ǍǊǍ ǌǐǈ ǍǈǍ
h#H2 eXjXR, _KM bi`2i+?2b Q7 #mHF- KQ`T?Qmb M/ MMQb+H2 bBHB+QM
BOE B 3BNBO TUSFUDI PG ǌǑǏ DNǉ 	'JH ǎǋǋC
 XIJDI JT JOEJDBUJWF PG UIF CSPBEFOFE BOE TIJěFE
USBOTWFSTFPQUJDBM3BNBONPEFBTTPDJBUFEXJUI BNPSQIPVT TJMJDPO 	5BCMF ǎǋǉ
 "ěFS BOOFBMJOH
TUSPOH 93% QFBLT XFSF PCTFSWFE BU QPTJUJPOT BHSFFJOH XJUI UIPTF DPSSFTQPOEJOH UP B CVML DSZT
UBMMJOF TJMJDPO TUBOEBSE ĉF CSPBEFOFE BOE TLFXFE3BNBONPEF BU Ǎǈǉ DN−ƥ XBT BMTP DPOTJTUFOU
XJUI NPEFMT GPS DSZTUBMMJOF TJMJDPO OBOPQBSUJDMFT <ǉǎǎ> "OBMZTJT PG UIF 93% QFBLT CZ UIF 4DIFS
SFS FRVBUJPO BOE B (BVTTJBO TJ[F EJTUSJCVUJPO PO UIF NPTU JOUFOTF QFBL PG UIF EJĎSBDUJPO QBĨFSO
	ǉǉǉ
 JOEJDBUFE B DSZTUBMMJUF TJ[F PG ǉǌ± ǋ ON JO HPPE BHSFFNFOU XJUI TJ[JOH CZ 5&. JOEJDBUJOH
UIBU UIFSF XBT DMPTF UP ǉǈǈƻ DPOWFSTJPO GSPN UIF BNPSQIPVT UP DSZTUBMMJOF QIBTF
ĉFTVSGBDFQBTTJWBUJPO GPS FBDIPG UIF TBNQMFTXBTEFUFSNJOFECZ JOGSBSFE TQFDUSPTDPQZ	'JH ǎǋǌ

ĉFPDUZM UFSNJOBUFE 4J/1T 	'JH ǎǋǌB
 TIPX TUSFUDIFT PG UIFNFUIZMFOF HSPVQT BU ǊǑǎǌ BOEǊǐǑǉ
DNǉ UPHFUIFS XJUI B MPOH DIBJO NFUIZM HSPVQ PCTFSWFE BU B XBWFMFOHUI PG ǏǑǎ DNǉ ĉF 4J/1T
QBTTJWBUFE VTJOH ǌEJNFUIZM BNJOPQIFOZMNBHOFTJVNCSPNJEF TIPXFWJEFODF PG UIF BNJOF HSPVQ
JOEJDBUFE CZ B ǋǍǑǊ BOE ǋǍǉǏ DN−ƥ TUSFUDI UPHFUIFS XJUI UIF/) CFOE BOE UIF/)XBH BU ǉǎǋǑ
DN−ƥ BOE ǐǈǊ DN−ƥ SFTQFDUJWFMZ 	'JH ǎǋǌ	C

 'PS 4J/1T UIBU XFSF UFSNJOBUFE XJUI "15.4
UIF /) CFOE BOE XBH XFSF PCTFSWFE BU ǉǌǌǑ BOE ǐǈǈ DN−ƥ SFTQFDUJWFMZ "MM TBNQMFT TIPXFE FW
JEFODF PG PYJEBUJPO JOEJDBUFE CZ UIF 4J04J TUSFUDI BU ǉǈǈǈǉǉǈǈ DNǉ EVF UP JODPNQMFUF TVSGBDF
QBTTJWBUJPO
ǎǋǊ Ʀƭ4Ľ /.3 ĵłĸ%/1ŁĹĵňŊŇĹŁĹłŉň
'JHVSF ǎǋǍ TIPXT UIF NFBTVSFE Ʀƭ4J OVDMFBS TQJO MBĨJDF SFMBYBUJPO UJNFT 	5ƥ 
 PG B SBOHF PG TZO
UIFTJ[FE 4J/1XJUI EJĎFSFOU EJBNFUFST ĉF5ƥ BOE TJ[FT PG TJMJDPO QBSUJDMFTNFBTVSFE JO QSFWJPVT
ǉǈǐ
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6B;m`2 eXjXj, *`vbiHHBMBiv Q7 b@;`QrM M/ MM2H2/ bBHB+QM MMQT`iB+H2bX UV s@`v /Bz`+@
iBQM M/ U#V _KM bT2+i`Qb+QTv Q7 bBHB+QM MMQT`iB+H2b #27Q`2 M/ 7i2` MM2HBM; b?Qrb 
i`MbBiBQM 7`QK KQ`T?Qmb iQ +`vbiHHBM2 bii2bX
ǉǈǑ
6B;m`2 eXjX9, AM7``2/ bT2+i` Q7 HFvH- `QKiB+ M/ bBHM2 i2`KBMi2/ aBLSbX UV P+ivH i2`@
KBMi2/ aBLSb- U#V MBHBM2 i2`KBMi2/ aBLSb U+V KBM2 i2`KBMi2/ i`BK2i?QtvbBHM2 aBLSbX
ǉǉǈ
JOWFTUJHBUJPOT BSF TIPXO BT B SFGFSFODF <ǉǋǐ> UPHFUIFS XJUI B OVDMFBS TQJO EJĎVTJPOCBTFE NPEFM
GPS 5ƥ SFMBYBUJPO "MM TZOUIFTJ[FE QBSUJDMFT TIPXFE FYUSFNFMZ MPOH TJ[FBEKVTUFE 5ƥ UJNFT∼ ǎǈǈ
T GPS UIF BOOFBMFE TBNQMFT TJNJMBS UP 5ƥ UJNFT NFBTVSFE GPS QBSUJDMFT ǎǈ ON JO EJBNFUFS BMTP
TZOUIFTJ[FE CZXFU TZOUIFTJT UFDIOJRVFT 'PS IJHI QVSJUZ TJMJDPO QBSUJDMFT UIF QSJNBSZNFDIBOJTN
GPS SFMBYBUJPO JT TQJO EJĎVTJPO PG UIF OVDMFBS QPMBSJ[BUJPO 1 GSPN UIF DFOUFS PG UIF QBSUJDMF UP UIF
QBSUJDMF TVSGBDF BDDPSEJOH UP E1EU = %ρ1 XIFSF % JT UIF TQJO EJĎVTJPO DPOTUBOU BOE TP 5ƥ TDBMFT
RVBESBUJDBMMZ XJUI QBSUJDMF EJBNFUFS 6OCPOEFE FMFDUSPOT BU UIF QBSUJDMF TVSGBDF 	QSJNBSJMZ BU UIF
TJMJDPOTJMJDPO EJPYJEF JOUFSGBDF
 BOE QSPYJNBM TQJOT DPOUBJOFE XJUIJO UIF QBTTJWBUJOHNPJFUZ DBO
UIFO ESJWF MPDBM OVDMFBS SFMBYBUJPO ĉF SBUF PG UIJT SFMBYBUJPO JT TFU CZ UIF EFOTJUZ PG UIFTF TQJOT
BOE UIFJS PXO SFMBYBUJPO UJNF <Ǒǌ> BOE TDBMFT XJUI EJTUBODF S−ƪ XIFSF S JT UIF EJTUBODF CFUXFFO
UIF Ʀƭ4J OVDMFVT BOE SFMBYJOH TQJO *NQVSJUJFT XJUIJO UIF QBSUJDMF TVDI BT GSFF DBSSJFST VOCPOEFE
FMFDUSPOT PS NFUBM DPOUBNJOBOUT DBVTF BEEJUJPOBM SFMBYBUJPO BOE TIPSUFO UIF Ʀƭ4J OVDMFBS 5ƥ UJNF
4JNJMBS 5ƥ UJNFT XFSF TFFO GPS UIF BMLBOF BOE BSPNBUJD UFSNJOBUFE QBSUJDMFT JOEJDBUJOH UIBU UIF
DIPJDF PG QBTTJWBUJOH NPJFUZ IBE MJĨMF FĎFDU PO UIF JOUFSOBM TQJO EZOBNJDT PG UIF QBSUJDMF 8F
OPUF UIBU UIF 5ƥ UJNFT PG UIF DSZTUBMMJOF TBNQMFT BSF TIPSUFS UIBO UIF BNPSQIPVT TBNQMFT QPUFO
UJBMMZ EVF UP UIF JOUSPEVDUJPO PG JTPMBUFE QPJOU EFGFDUT JO UIF TJMJDPO MBĨJDF CSPVHIU BCPVU CZ UIF
BOOFBMJOH QSPDFTT
/BUVSBM PYJEBUJPO PG UIF TVSGBDF PG DSZTUBMMJOF TJMJDPO DSFBUFT B TPVSDF PG VOCPOEFE FMFDUSPOT
UIBU DBO CF VTFE GPS %/1 &MFDUSPO TQJO SFTPOBODF 	&43
 XBT QFSGPSNFE UP EFUFSNJOF UIF OBUVSF
PG UIFTF EFGFDUT BOE UIFJS EFOTJUZ 	/F
 'PS FBDI SFBDUJPO TDIFNF UIF XFJHIUBEKVTUFE &43 TQFD
USB 	#ǈǋǍ N5 5  ǋǈǈ ,
 JT TIPXO UPHFUIFS XJUI UIF Ʀƭ4J OVDMFBS QPMBSJ[BUJPO BT B GVODUJPO PG
NJDSPXBWF GSFRVFODZ 	#  ǊǐǑ 5 BOE5 ǋǎ ,
 	'JH ǎǋǎ
 *O FBDI DBTF UIF &43 BOE%/1EBUB
JT QMPĨFE BDSPTT UIF TBNF SBOHF PG HGBDUPST UP BJE JO DPNQBSJTPO ĉF HGBDUPST FYUSBDUFE GPS FBDI
TBNQMF EFUFSNJOFE CZ UIF [FSP DSPTTJOH JO UIF &43 BOE %/1 EBUB EJĎFS TMJHIUMZ 	5BCMF ǎǋǊ

SBOHJOH GSPN ǊǈǈǍǑ UP ǊǈǈǐǏ IPXFWFS UIFSF JT HPPE BHSFFNFOU TFFO CFUXFFO UIF SPPN UFNQFS
BUVSF &43 BOE MPX UFNQFSBUVSF%/1EBUB JO FBDI DBTF ĉF TBNQMFT TIPXEFGFDU EFOTJUJFT SBOHJOH
ǉǉǉ
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 Meliorum - wet synthesis 
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6B;m`2 eXjX8, Lm+H2` bTBM `2HtiBQM U5ƥ V iBK2b i kXN h M/ jyy E b  7mM+iBQM Q7 T`iB@
+H2 /BK2i2` / 7Q` aB MMQT`iB+H2b bvMi?2bBx2/ #v b+?2K2b /2b+`B#2/ BM 6B;X eXjXRX J2bm`2@
K2Mi Q7 Qi?2` bBHB+QM T`iB+H2b T`2pBQmbHv `2TQ`i2/ `2 b?QrM b  `272`2M+2 (Rj3)X aBKmHiBQMb
Q7 Mm+H2` `2HtiBQM #b2/ QM  bTBM /BzmbBQM KQ/2H `2 HbQ b?QrMX o2`iB+H 2``Q` #`b `2
7`QK 2tTQM2MiBH }ib iQ `2HtiBQM /ic ?Q`BxQMiH 2``Q` #`b `2 7`QK bBx2 /Bbi`B#miBQMbX
ǉǉǊ
HGBDUPS " # $
&43 	Ǒ ()[ ǋǈǈ,
 ǊǈǈǏǐ ǊǈǈǐǏ ǊǈǈǍǑ
%/1 	ǐǉ ()[ ǋǎ ,
 ǊǈǈǏǐ ǊǈǈǐǑ ǊǈǈǎǊ
/F 	DN−Ʀ
 ǌǋFƥƦ ǉǋFƥƧ ǋǏFƥƧ
h#H2 eXjXk, 1H2+i`QM ;@7+iQ`b b /2i2`KBM2/ #v 1a_ M/ .LS BM bBHB+QM MMQT`iB+H2b
GSPN ƨFƥƦƨFƥƧ DN−Ʀ ĉF HGBDUPS GPS 1C EFGFDUT PDDVSSJOH EVF UP BO PYZHFO WBDBODZ BU UIF JOUFS
GBDF CFUXFFO DSZTUBMMJOF TJMJDPO BOE TJMJDPO PYJEF JT TUSPOHMZ BOJTPUSPQJD <ǉǋǊ> BOE EFQFOET PO
UIF PSJFOUBUJPO PG UIF VOEFSMZJOH DSZTUBMMJOF MBĨJDF 'PS TQIFSJDBM OBOPQBSUJDMFT XIFSF POF MBĨJDF
PSJFOUBUJPO EPFT OPU EPNJOBUF PWFS BOPUIFS UIF PSJFOUBUJPO BWFSBHFE H GBDUPS GPS UIFTF EFGFDUT JT
H  Ǌǈǈǎ XIJDI JT JO HPPE BHSFFNFOU XJUI UIF HGBDUPS PCTFSWFE GPS PVS DSZTUBMMJOF TBNQMFT #PUI
BNPSQIPVT TBNQMFT TIPX TJNJMBS HGBDUPST JO UIF SBOHF ǊǈǈǏǐǊǈǈǐǏ ĉFTF BSF IJHIFS UIBO UIF
H  ǊǈǈǍǊǈǈǍǑ QSFWJPVTMZ SFQPSUFE GPS CVML BNPSQIPVT TJMJDPO <ǉǐǑ ǉǑǈ> QPUFOUJBMMZ EVF UP
BTZNNFUSJD TUSBJO
"MM TBNQMFT TIPX QPTJUJWF OVDMFBS QPMBSJ[BUJPO BU NJDSPXBWF GSFRVFODJFT CFMPX UIF &43 GSF
RVFODZ BOE OFHBUJWF QPMBSJ[BUJPO BU GSFRVFODJFT BCPWF JU JOEJDBUJOH UIBU UIF QPMBSJ[BUJPO JT HFOFS
BUFE CZ B EJQPMBS JOUFSBDUJPO SBUIFS UIBO B DPOUBDU IZQFSėOF JOUFSBDUJPO CFUXFFO UIF VOCPOEFE
FMFDUSPOT BOE OFBSCZ Ʀƭ4J OVDMFJ 	'JH ǎǋǎC
 ĉFXJEUI PG UIF%/1 SFTQPOTF JT TJHOJėDBOUMZ OBS
SPXFS GPS UIF BNPSQIPVT TBNQMFT XIFO DPNQBSFE UP UIF DSZTUBMMJOF TBNQMFT QFSIBQT JOEJDBUJOH
UIBU UIF QPMBSJ[BUJPONFDIBOJTN JT EVF UP B TJOHMF FMFDUSPO TJOHMF OVDMFVT EJQPMFEJQPMF JOUFSBDUJPO
GPS UIF BNPSQIPVT TBNQMFT SBUIFS UIBO B NVMUJFMFDUSPO TJOHMF OVDMFVT EJQPMFEJQPMF JOUFSBDUJPO
XIJDI PDDVST JO UIF DSZTUBMMJOF TBNQMFT ĉF Ʀƭ4J /.3 TQFDUSB GPS UIF UISFF TBNQMFT BěFS ǋ I PG
%/1 QPMBSJ[BUJPO BSF TIPXO JO 'JH ǎǋǎD ĉF BNPSQIPVT TBNQMFT TIPX B CSPBE SFTPOBODF XJUI
B MJOFXJEUI 	GVMM XJEUI BU IBMG NBYJNVN
 PG ∼ǋǎ L)[ ĉF DSZTUBMMJOF TBNQMF TIPXT B TMJHIUMZ
OBSSPXFS SFTPOBODF 	MJOFXJEUI∼ǊǊ L)[
 TIJěFE CZ ǎǈǈ )[ GSPN UIF BNPSQIPVT QFBL ĉJT JT
TJHOJėDBOUMZ OBSSPXFS UIBO UIF Ǎǈǈ )[ MJOFXJEUI PCTFSWFE GPS DSZTUBMMJOF TJMJDPO <ǉǊǐ> BOE ǉǐ
ǉǉǋ
-1
1
81.381.080.7
TMA039
-1
1
81.381.080.7
TMA069TMA074
-1
1
81.381.080.7
-1
1
2.0102.000
-1
1
2.0102.000
-1
1
2.0102.000
(a)
(b)
ES
R 
Si
gn
al
 (a
.u
.)
29
Si
 N
M
R 
Si
gn
al
 (a
.u
.)
g-factor g-factor g-factor
uW Freq. (GHz) uW Freq. (GHz) uW Freq. (GHz)
A B C
A B C
0
-10 10
ωNMR (kHz)
(c) A B C
29
Si
 N
M
R 
Si
gn
al
 (a
.u
.)
-10 10
ωNMR (kHz)
-10 10
ωNMR (kHz)
1
0
1
0
1
6B;m`2 eXjXe, UV 1H2+i`QM bTBM `2bQMM+2 bB;MH M/ U#V ƦƭaB Mm+H2` TQH`BxiBQM b  7mM+@
iBQM Q7 KB+`Qrp2 7`2[m2M+v mM/2` .LS +QM/BiBQMbX
ǉǉǌ
0.01
0.1
1
10
0
10
1
10
2
10
3
10
4
 
τpol (s)
29
S
i N
M
R
 S
ig
na
l (
a.
u.
)
0.1
1
 B
 C
 A
10
0
10
1
10
2
10
3
29
S
i N
M
R
 S
ig
na
l (
a.
u.
)
τdepol (s)
 B
 C
 A
(a)
(b)
Arial Rounded MT Bold
6B;m`2 eXjXd, hBK2 /2T2M/2M+2 Q7 ƦƭaB TQH`BxiBQM BM aBLS i jXe EX UV ƦƭaB LJ_ bB;@
MH b  7mM+iBQM Q7 TQH`BxiBQM iBK2 ӑQPMX h?2 /i Bb r2HH }i #v  #B2tTQM2MiBH 7mM+iBQM
/2b+`B#2/ BM i?2 i2ti rBi? irQ /BbiBM+i iBK2 +QMbiMib 5ƥ, G M/ 5ƥ, TX U#V .2TQH`BxiBQM Q7
i?2 ƦƭaB Mm+H2` TQH`BxiBQM i jXe E 7i2` e ?Qm`b Q7 .LSX h?2 /i Bb r2HH }i #v  bBM;H2
2tTQM2MiBH rBi? iBK2 +QMbiMi 5ƥ, EFQ- b /2b+`B#2/ BM i?2 i2tiX
ǉǉǍ
4BNQMF 5ƥ,G 	T
 5ƥ,T 	T
 5ƥ,EFQ 	T

" ǋǏǈ±Ǐǈ ǌǋǈǈ±ǊǍǈ ǍǑǈ±ǋǈ
# ǌǎǈ±ǉǊǈ ǍǏǎǈ±ǉǊǍǈ ǋǑǈ±ǋǈ
$ ǋǑǈ±ǎǐǈ ǋǉǏǈ±ǉǋǌǈ ǌǈǈ±Ǌǈ
h#H2 eXjXj, SQH`BxiBQM M/ /2TQH`BxiBQM iBK2 +QMbiMib 7Q` bBHB+QM MMQT`iB+H2b K2@
bm`2/ i 9 EX
L)[ MJOFXJEUI PCTFSWFE GPS CVML BNPSQIPVT TJMJDPO <ǉǑǈ> NPTU QSPCBCMZ EVF UP TUSBJO
ĉF UJNF FWPMVUJPO PG UIF Ʀƭ4J OVDMFBS QPMBSJ[BUJPO VOEFS %/1 DPOEJUJPOT GPS FBDI PG UIF TBN
QMFT JT TIPXO JO 'JH ǎǋǏ 	B
 'PS FBDI NFBTVSFNFOU UIF NJDSPXBWF GSFRVFODZ XBT TFU UP UIF
QFBL WBMVF JO 'JH ǎǋǎ 	C
 CFGPSF B TBUVSBUJPO SFDPWFSZ TFRVFODF QFSGPSNFE BOE UIF Ʀƭ4J /.3
TJHOBM NFBTVSFE XJUI B Ӎ/Ʀ QVMTF "MM QPMBSJ[BUJPO DVSWFT BSF XFMM ėU CZ B CJFYQPOFOUJBM GVODUJPO
1 = 1Ƥ + "F−ӑ/5ƥ,G + #F−ӑ/5ƥ,T XJUI B TIPSU UJNF DPOTUBOU 5ƥ, G ǌǈǈ T BOE B MPOHFS UJNF DPO
TUBOU 5ƥ, T SBOHJOH GSPN ǋǊǈǈ  ǍǏǈǈT 	5BCMF ǎǋǋ
 'JH ǎǋǏ 	C
 TIPXT UIF EFDBZ JO Ʀƭ4J OVDMFBS
IZQFSQPMBSJ[BUJPO NFBTVSFE BU ǋǎ , GPS FBDI PG UIF 4J/1 TBNQMFT ĉF TBNQMFT XFSF QPMBSJ[FE
GPS ǎ I XJUI NJDSPXBWF JSSBEJBUJPO BU UIF QFBL WBMVF JO 'JH ǎǋǎ 	C
 UIFO UIF NJDSPXBWFT XFSF
UIFO UVSOFE PĎ BOE UIF IZQFSQPMBSJ[BUJPO BMMPXFE UP EFDBZ ĉF EBUB JT XFMM ėU CZ B TJOHMF FYQP
OFOUJBM 1 = 1Ƥ + "F−ӑEFQPM/5ƥ,EFQ XJUI BMM TBNQMFT TIPXJOH B EFQPMBSJ[BUJPO UJNF DPOTUBOU 5ƥ,EFQ
HSFBUFS UIBO ǋǈǈ T 	5BCMF ǎǋǋ
 ĉJT JT TVSQSJTJOH BT QSFWJPVT %/1 JOWFTUJHBUJPOT PG TJMJDPO NJ
DSPQBSUJDMFT DPNQPTFE PG BNPSQIPVT BOE DSZTUBMMJOF TJMJDPO TIPXFE SFMBYBUJPO PG UIF BNPSQIPVT
DPNQPOFOU XJUIJO TFDPOET BěFS NJDSPXBWF JSSBEJBUJPO XBT DFBTFE <ǉǊǐ>
ǎǌ $ŃłķŀŊňĽŃł
8F IBWF QSPEVDFE MPOH5ƥ 4J/1T XJUI OBSSPX TJ[F EJTUSJCVUJPOT PG EJBNFUFS ∼ ǉǈ ON VTJOH B
NFUBUIFTJT SFBDUJPO PG TPEJVN TJMJDJEF XJUI B TJMJDPO UFUSBDIMPSJEF $PNCJOJOH UIFTF 4J/1T XJUI
(SJHOBSE SFBHFOUT SFTVMUFE QBSUJDMFT UIBU XFSF QBSUJBMMZ QBTTJWBUFE XJUI BMLZM BOE BSPNBUJD DPN
QPVOET ĉF QBSUJBM TVSGBDF QBTTJWBUJPO BMMPXT TVđDJFOU PYJEBUJPO UP QSPWJEF IZQFSQPMBSJ[BUJPO
ǉǉǎ
TJUFT GPS%/1XJUIPVU DPNQSPNJTJOH UIF OPOBHHSFHBUJOH DIBSBDUFSJTUJDT PG UIF TBNQMF "EEJUJPO
BMMZ UIF BTHSPXO BNPSQIPVT 4J/1 TBNQMFT DPVME CF BOOFBMFE JOUP DSZTUBMMJOF 4J/1T UIBU SFUBJOFE
UIFJS OBOPTDBMF TJ[F BOE EJE OPU MFBE UP CVMLJFS BHHSFHBUFT EVF UP TJOUFSJOH #PUI UIF BNPSQIPVT
BOE DSZTUBMMJOF 4J/1T TIPXFE 5ƥ UJNFT NPSF UIBO UXP PSEFST PG NBHOJUVEF MBSHFS UIBO EJBNPOE
OBOPQBSUJDMFT PG TJNJMBS TJ[FT <ǉǐǏ> BOE B ėWF GPME JNQSPWFNFOU PO TJ[FBEKVTUFE 5ƥ UJNFT XIFO
DPNQBSFE UP TJMJDPO QBSUJDMFT QSFWJPVTMZ TUVEJFE <ǉǋǐ> "MM 4J/1T TZOUIFTJ[FE JO UIJT TUVEZ DPVME
CF IZQFSQPMBSJ[FE CZ MPX UFNQFSBUVSF EZOBNJD OVDMFBS QPMBSJ[BUJPO BOE SFUBJOFE UIFJS QPMBSJ[B
UJPO GPS HSFBUFS UIBO ǋǈǈ T
ǉǉǏ
7
3BEJDBMGSFF %ZOBNJD/VDMFBS 1PMBSJ[BUJPO6TJOH
&MFČSPOJD %FGFČT JO 4JMJDPO
%JSFDU EZOBNJD OVDMFBS QPMBSJ[BUJPO PG ƥ) OVDMFJ JO ěP[FO XBUFS BOE XBUFSFUIBOPM NJYUVSFT JT EFNPO
TUSBUFE VTJOH TJMJDPO OBOPQBSUJDMFT BT UIF QPMBSJ[JOH BHFOU &MFDUSPO TQJOT BU EBOHMJOHCPOE TJUFT OFBS
UIF TJMJDPO TVSGBDF BSF JEFOUJėFE BT UIF TPVSDF PG UIF OVDMFBS IZQFSQPMBSJ[BUJPO ĉJT OPWFM QPMBSJ[BUJPO
NFUIPE PQFO OFX BWFOVFT GPS UIF GBCSJDBUJPO PG TVSGBDF FOHJOFFSFE OBOPTUSVDUVSFT UP DSFBUF IJHI OVDMFBS
TQJO QPMBSJ[FE TPMVUJPOT XJUIPVU JOUSPEVDJOH DPOUBNJOBUJOH SBEJDBMT BOE GPS UIF TUVEZ PG NPMFDVMFT BE
ǉǉǐ
TPSCFE POUP TVSGBDFT Ǯ
Ǐǉ *łŉŇŃĸŊķŉĽŃł
%ZOBNJD OVDMFBS QPMBSJ[BUJPO 	%/1
 IBT SFDFOUMZ FNFSHFE BT B QPXFSGVM UFDIOJRVF GPS JNQSPW
JOH UIF TFOTJUJWJUZ PG OVDMFBS NBHOFUJD SFTPOBODF 	/.3
 FYQFSJNFOUT MFBEJOH UP OFX JOTJHIUT JO
NBUFSJBMT DIBSBDUFSJ[BUJPO <Ǒǉ ǉǈǎ ǉǊǐ ǉǐǋ> DPNQMFY CJPNBUFSJBMT <ǍǑ ǉǐǌ ǉǐǍ> BOE EJBHOPT
UJD NFEJDJOF VTJOH NBHOFUJD SFTPOBODF JNBHJOH 	.3*
 <Ǎǌ ǍǍ ǎǉ ǎǌ> #Z BQQMZJOH NJDSPXBWF
	Ӊ8
 JSSBEJBUJPO BU PS OFBS UIF FMFDUSPO -BSNPS GSFRVFODZ B TJ[BCMF OVDMFBS TQJO QPMBSJ[BUJPO DBO
CF HFOFSBUFE WJB UIF USBOTGFS PG FMFDUSPO TQJO QPMBSJ[BUJPO UP OFBSCZ OVDMFBS TQJOT ĉF FĎFDU DBO
CF FOIBODFE CZ PQFSBUJOH BU MPX UFNQFSBUVSFT PS IJHINBHOFUJD ėFMET XIFSF UIF FRVJMJCSJVNFMFD
USPO QPMBSJ[BUJPO DBO BQQSPBDI VOJUZ ĉF FMFDUSPOT VTFE JO UIF QPMBSJ[BUJPO QSPDFTTNBZ PSJHJOBUF
GSPN GSFF SBEJDBMT PS QBSBNBHOFUJD NFUBM JPOT JOUSPEVDFE JOUP UIF TZTUFN PS CF JOUSJOTJD UP UIF
NBUFSJBM CFJOH QPMBSJ[FE #PUI UIF SBUF BOE TBUVSBUJPO NBHOJUVEF PG OVDMFBS QPMBSJ[BUJPO EFQFOE
TUSPOHMZ PO UIF DPODFOUSBUJPO PG VOQBJSFE FMFDUSPOT ĉJT JT CFDBVTF TQJO USBOTQPSU WJB OVDMFBS
TQJO EJĎVTJPO JT TMPX <Ǒǌ ǑǑ> BOE DPNQFUJOH SFMBYBUJPO QSPDFTTFT NFBOT UIBU B IJHI SBEJDBM DPO
DFOUSBUJPO JT SFRVJSFE UP BDIJFWF MBSHF QPMBSJ[BUJPOT PO FYQFSJNFOUBMMZ SFMFWBOU UJNF TDBMFT
.PTU CJPMPHJDBM BQQMJDBUJPOT PG %/1 JOWPMWF TZTUFNT UIBU IBWF OP JOUSJOTJD VOQBJSFE FMFDUSPOT
GPS QPMBSJ[BUJPO BOE TP B TJHOJėDBOU FĎPSU IBT CFFO VOEFSUBLFO UP EFWFMPQ B SBOHF PG GSFF SBEJDBMT
<ǎǈ ǉǑǉ ǉǑǊ> UIBU DBO CF EJTTPMWFE JO B TPMWFOU 	TVDI BT XBUFS FUIBOPM PS HMZDFSPM
 BMPOH XJUI
UIF CJPNPMFDVMBS TVCTUSBUF UP CF QPMBSJ[FE CFGPSF GSFF[JOH GPS %/1 )PXFWFS UIF QSFTFODF PG
UIFTF SBEJDBMT JO UIF QPMBSJ[FE TVCTUSBUF BěFS QPMBSJ[BUJPO SFEVDFT UIF TQJO MBĨJDF SFMBYBUJPO UJNF
	5ƥ
 PG UIF QPMBSJ[FE TVCTUSBUF <ǉǑǋ ǉǑǌ> JOUFSGFSFT XJUI UIF DIFNJDBM FOWJSPONFOU PG NPMFDVMFT
VOEFS TUVEZ <ǉǑǍ> BOE GPS CJPMPHJDBM FYQFSJNFOUT QPTFT TJHOJėDBOU UPYJDJUZ JTTVFT 5P SFEVDF DPO
UBNJOBUJPO PG UIF TBNQMF CZ SFTJEVBM SBEJDBMT ėMUFSJOH <ǉǑǎ> BOE SBEJDBM TDBWFOHJOH <ǉǑǋ> VOEFS
ǮĉJT DIBQUFS JT TVCNJĨFE GPS QVCMJDBUJPO BT 3BEJDBMěFF %ZOBNJD /VDMFBS 1PMBSJ[BUJPO 6TJOH &MFDUSPOJD %FGFDUT
JO 4JMJDPO XJUI BVUIPST . $ $BTTJEZ $ 3BNBOBUIBO %( $PSZ BOE $ . .BSDVT
ǉǉǑ
UBLFO QPTUEJTTPMVUJPO IBWF CFFO BĨFNQUFE XJUI MJNJUFE TVDDFTT ĉF SBEJDBMT NBZ CF CPVOE JOUP
B QPSPVT PSHBOJD NBUSJY <ǉǑǏ ǉǑǐ> UIPVHI ėMUSBUJPO JT TUJMM OFDFTTBSZ "MUFSOBUJWFMZ UIF TPVSDF PG
QPMBSJ[BUJPONBZ CF QIZTJDBMMZ TFQBSBUFE GSPN UIFNBUFSJBM UP CF QPMBSJ[FE *U IBT CFFO TIPXO UIBU
UIF MBSHF OVDMFBS TQJO QPMBSJ[BUJPOT QSFTFOU JO PQUJDBMMZ QVNQFE OPCMF HBTFT BOE TFNJDPOEVDUPST
DBO CF USBOTGFSSFE UP B WBSJFUZ PG NBUFSJBMT VTJOH B )BSUNBOO)BIO DSPTTQPMBSJ[BUJPO TFRVFODF
<ǉǑǑmǊǈǊ> PS JO UIF DBTF PG HBTFT WJB B EJSFDU OVDMFBS EJQPMFEJQPMF JOUFSBDUJPO <Ǌǈǋ> 4VSGBDF
EFGFDUT JO QPSPVT DBSCPO DIBST IBWF BMTP CFFO TIPXO UP QPMBSJ[F ƥ) OVDMFJ JO TPMVUJPO BU SPPN
UFNQFSBUVSF WJB B DPOUBDU IZQFSėOF JOUFSBDUJPO <Ǌǈǌ>
*O UIJT $IBQUFS XF EFNPOTUSBUF UIBU OBUVSBMMZ PDDVSSJOH QBSBNBHOFUJD EFGFDUT BU UIF TVSGBDF
PG TJMJDPO OBOPQBSUJDMFT 	4J/1
 DBO EJSFDUMZ QPMBSJ[F ƥ) OVDMFJ JO B CVML GSP[FO NBUSJY OFBS UIF
TVSGBDF PG UIF QBSUJDMF BT XFMM BT UIF Ʀƭ4J OVDMFJ JO UIF QBSUJDMFT 5XP EJTUJODU OVDMFBS TQJO CBUIT
BSF PCTFSWFE POF DPOTJTUJOH PG OVDMFJ QPMBSJ[FE EJSFDUMZ CZ TVSGBDF FMFDUSPOT BOE B TFDPOE DPO
TJTUJOH PG OVDMFJ QPMBSJ[FE JOEJSFDUMZ CZ OVDMFBS TQJO EJĎVTJPO #Z DPNQBSJOH OBUVSBM BCVOEBODF
BOE JTPUPQJDBMMZ FOSJDIFE TBNQMFT XF ėOE UIBU ƥ)QPMBSJ[BUJPO JT TUSPOHMZ BĎFDUFE CZ UIF JTPUPQJD
DPODFOUSBUJPO PG Ʀƭ4J OVDMFJ JOTJEF UIF QBSUJDMFT ĉJT UFDIOJRVF BMMPXT VODPOUBNJOBUFE IZQFS
QPMBSJ[FE TPMVUJPOT UP CF HFOFSBUFE CFOFėĨJOH B SBOHF PG BQQMJDBUJPOT GSPN QPMBSJ[FE UBSHFUT UP
NPMFDVMBS JNBHJOH
ǏǊ 4ĵŁńŀĹň ĵłĸ ĹŎńĹŇĽŁĹłŉĵŀ ŁĹŉļŃĸň
4BNQMFT DPOTJTUFE PG OBUVSBM BCVOEBODF 	Ʀƭ4J  ƨ.Ƭ%
 QPMZDSZTUBMMJOF QPXEFS 	"MGB "FTBS E =
Ƨ ӉN
 BOE JTPUPQJDBMMZ FOSJDIFE 	Ʀƭ4J  ƭƥ.ƨ%) <ǊǈǍ> TJMJDPO QBSUJDMFT PG EJBNFUFS E = ƦƤƤ ON
NBEF CZ CBMM NJMMJOH CVML TJMJDPO BOE UIFO TJ[FTFQBSBUFE CZ DFOUSJGVHBM TFEJNFOUBUJPO <ǉǋǐ> 1BS
UJDMF TJ[FTXFSF DPOėSNFECZ TDBOOJOH FMFDUSPONJDSPTDPQZ 	4&.
 4VTQFOTJPOT PG UIFTF QBSUJDMFT
JO XBUFS 	ǉǉ 4J)ƦƤ CZ XFJHIU
 BOE FUIBOPM BOE XBUFS 	ǉǈǑǉ 4J&U0))Ʀ0 CZ XFJHIU
 XFSF
QSFQBSFE CZ TPOJDBUJPO BOE UIFOEFHBTTFEXJUI B GSFF[FQVNQUIBX DZDMF CFGPSF CFJOH MPBEFE JOUP
UIF DSZPTUBU GPS NFBTVSFNFOU
ǉǊǈ
%/1 FYQFSJNFOUT XFSF QFSGPSNFE BU ǌǊ , VTJOH B DPOUJOVPVT ĚPX DSZPTUBU JO BO BQQMJFE ėFME
# PG ǊǋǍ 5 	ӗƦƭ4JO  Ǌǈ .)[ ӗƥ)O  ǉǈǈ .)[
 ĉF TBNQMF XBT IPVTFE JO B HMBTT DBQJMMBSZ UVCF
JO EJSFDU DPOUBDU XJUI UIF ĚPXJOH IFMJVN WBQPS " #SVLFS /.3 TQFDUSPNFUFS XJUI B IPNFCVJMU
QSPCF BOE TPMFOPJEBM DPJM <Ǌǈǎ> XFSF VTFE GPS /.3 EFUFDUJPO .JDSPXBWF JSSBEJBUJPO XBT QSP
WJEFE UISPVHI B Ǒǈ N8 (VOO EJPEF TPVSDF 	.JMMJUFDI
 BOE UIF Ӊ8T XFSF DPVQMFE GSPN SPPN
UFNQFSBUVSF UP UIF TBNQMF WJB B NN XBWFHVJEF BOE IPSO BOUFOOB ĉF OVDMFBS QPMBSJ[BUJPO XBT
NFBTVSFE XJUI B TBUVSBUJPO SFDPWFSZ TFRVFODF 	Ʀƭ4J
 (Ӎ/Ʀ)ƥƪ− U− (Ӎ/Ʀ)9 PS TBUVSBUJPO SFDPWFSZ
TPMJE FDIP TFRVFODF 	ƥ)
 (Ӎ/Ʀ)ƥƪ − U − (Ӎ/Ʀ)9 − UE − (Ӎ/Ʀ): EVF UP UIF SBQJE EFDBZ PG UIF
ƥ) TJHOBM DPSSFTQPOEJOH UP B∼ ƥƤƤ L)[ ƥ) EJQPMBS MJOFXJEUI
Ǐǋ 3ĹňŊŀŉň
Ǐǋǉ 'ŇĹŅŊĹłķŏ ĸĹńĹłĸĹłķĹ Ńĺ ŉļĹ ƥ)ĵłĸ Ʀƭ4Ľ ĸŏłĵŁĽķ łŊķŀĹĵŇ ńŃŀĵŇĽŐĵŉĽŃł
'JHVSF Ǐǋǉ	B
 TIPXT UIF Ӊ8 GSFRVFODZ EFQFOEFODF PG UIF ƥ) /.3 TJHOBM GPS TPMJE )Ʀ0 TBN
QMFT XJUI BOE XJUIPVU TVTQFOEFE 4J/1 	OBUVSBM JTPUPQJD BCVOEBODF
 GPS B Ӊ8 JSSBEJBUJPO UJNF
PG ǉǊǈ T 'PS UIF TBNQMF XJUI 4J/1 UIF ƥ)OVDMFBS QPMBSJ[BUJPO EFQFOEFE TUSPOHMZ PO UIF BQQMJFE
Ӊ8GSFRVFODZ XIJMF OP DIBOHF JO ƥ)QPMBSJ[BUJPOXBT TFFO GPS UIF TBNQMFXJUIPVU 4J/1 " TJNJMBS
EFQFOEFODF PO Ӊ8 GSFRVFODZ PG UIF Ʀƭ4J /.3 TJHOBM GPS UIF TBNF TBNQMF PG 4J/1 TVTQFOEFE JO
GSP[FO XBUFS 	'JH Ǐǋǉ	C

 BěFS ǎǈǈ T PG Ӊ8 JSSBEJBUJPO /P ƥ) TJHOBM XBT PCTFSWFE GSPN B TBN
QMF PG ESZ 4J/1 3FQSFTFOUBUJWF ƥ) BOE Ʀƭ4J TQFDUSB BU B Ӊ8 GSFRVFODZ PG ǎǍǐǏǍ ()[ BSF TIPXO
JO UIF JOTFUT <ǊǈǏ> 8F OPUF UIBU OP DIBOHF JO UIF SPPN UFNQFSBUVSF ƥ) TQFDUSVN XBT TFFO JO B
TJNJMBSMZ QSFQBSFE TBNQMF BěFS SFQFBUFENFBTVSFNFOUT PWFS B QFSJPE PG B XFFL ĉJT TVHHFTUT UIBU
DIFNJDBM SFBDUJPOT BU UIF TJMJDPOXBUFS JOUFSGBDF MFBEJOH UP 4J) CPOE GPSNBUJPO JT JOTJHOJėDBOU
BOE UIBU UIF ƥ) /.3 TJHOBM SFTVMUT GSPN ƥ) OVDMFJ PVUTJEF PG UIF QBSUJDMF SBUIFS UIBO BCTPSCFE
JOUP UIF PYJEF PS QBSUJDMF JUTFMG
#PUI ƥ)BOE Ʀƭ4J QPMBSJ[BUJPOT TIPX JOWFSTJPOT BU UIF TBNF Ӊ8GSFRVFODZ ӗƤ = ƪƩ.ƭƩ()[ JO
ǉǊǉ
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6B;m`2 dXjXR, JB+`Qrp2 7`2[m2M+v /2T2M/2M+2 Q7 i?2 UV ƥ> LJ_ bB;MH U+HQb2/ +B`+H2bV
M/ U#V ƦƭaB LJ_ bB;MH 7`QK  bKTH2 Q7 Mim`H BbQiQTB+ #mM/M+2 aBLS bmbT2M/2/ BM
7`Qx2M ri2`- K2bm`2/ i 9Xk EX LQ +?M;2 BM i?2 ƥ> LJ_ bB;MH rb Q#b2`p2/ 7Q` i?2
bK2 bKTH2 rBi?Qmi i?2 aBLS UQT2M +B`+H2bV- M/ MQ ƥ> bB;MH rb Q#b2`p2/ 7`QK  /`v
bKTH2 Q7 aBLSX lTT2` BMb2ib BM UV M/ U#V, ƥ> M/ ƦƭaB bT2+i` 7Q` Ӊq B``/BiBQM 7`2@
[m2M+v Q7 e8X3d8 :>xX GQr2` BMb2i BM U#V, _QQK i2KT2`im`2 1a_ bB;MH Q7 Mim`H #mM@
/M+2 aBLSX
ǉǊǊ
EJDBUJOH UIBU QPMBSJ[BUJPO PG CPUI OVDMFBS TQFDJFT PSJHJOBUFT GSPN FMFDUSPOT XJUI UIF TBNF HGBDUPS
3PPN UFNQFSBUVSF 9CBOE FMFDUSPO TQJO SFTPOBODF 	&43
 	MPXFS JOTFU PG 'JH Ǐǋǉ	C

 PG UIF
QBSUJDMFT TIPXT B TJOHMF CSPBE QFBL BU # = ƧƧƩ.ƭ N5 BOE GSFRVFODZ Ǒǌǌǌ ()[ DPSSFTQPOEJOH UP
H  Ǌǈǈǎ ĉJT HGBDUPS JT DPOTJTUFOU XJUI UIF PSJFOUBUJPOBWFSBHFE TJHOBM GSPN VOQBJSFE FMFDUSPOT
BU 1C EFGFDUT XIJDI BSF LOPXO UP PDDVS BU UIF TJMJDPOTJMJDPO EJPYJEF JOUFSGBDF <Ǌǈǐ> 5P DPOėSN
UIF SPMF PG UIFTF EFGFDUT JO UIF QPMBSJ[BUJPO QSPDFTT XF QSFQBSFE B TJNJMBS TBNQMFXIFSF UIF TVSGBDF
PYJEF XBT SFNPWFE CZ B IZESPĚVPSJD BDJE FUDI JO BO JOFSU BUNPTQIFSF BOE TVTQFOEFE JO HMZDFSPM
ĉJT TBNQMF TIPXFE OP &43 TJHOBM BOE OP ƥ) PS Ʀƭ4J %/1 FOIBODFNFOU VOEFS TJNJMBS DPOEJ
UJPOT "EEJUJPOBMMZ UIF TJHO PG QPMBSJ[BUJPO FOIBODFNFOU JT UIF TBNF GPS CPUI OVDMFBS TQFDJFT GPS
GSFRVFODJFT FJUIFS TJEF PG ӗƤ EFTQJUF UIF HZSPNBHOFUJD SBUJPT PG UIF ƥ) BOE Ʀƭ4J OVDMFJ CFJOH PQ
QPTJUF JO TJHO 'SPN UIJT XF DBO EFUFSNJOF UIBU UIF ƥ)OVDMFJ BSF CFJOH QPMBSJ[FE UISPVHI B EJSFDU
JOUFSBDUJPO XJUI UIF FMFDUSPO EJQPMBS TQJO CBUI SBUIFS UIBO WJB B EJQPMBS JOUFSBDUJPO XJUI QPMBSJ[FE
Ʀƭ4J OVDMFJ DMPTF UP UIF TVSGBDF ĉF EJSFDU JOUFSBDUJPO TDBMFT∝ ҽƦO <ǉǈǈ> JOEFQFOEFOU PG UIF TJHO
PG ҽO UIF OVDMFBS HZSPNBHOFUJD SBUJP *G JOTUFBE UIF ƥ) QPMBSJ[BUJPO XBT NFEJBUFE CZ B EJQPMBS JO
UFSBDUJPO XJUI UIF QPMBSJ[FE Ʀƭ4J OVDMFJ PQQPTJUF OVDMFBS QPMBSJ[BUJPOT XPVME CF HFOFSBUFE JO UIF
UXP OVDMFBS TQFDJFT GPS UIF TBNF QPMBSJ[JOH GSFRVFODZ
" TDIFNBUJDNPEFM PG UIF TZTUFN JT TIPXO JO 'JH ǏǋǊ ĉF BOJTPUSPQJD H GBDUPS PG UIF1C EFGFDU
	H = Ʀ.ƤƤƦ−Ʀ.ƤƥƤ
 <Ǌǈǐ> UPHFUIFSXJUI UIF IJHI EFOTJUZ PG VOQBJSFE FMFDUSPOT BU UIF TBNQMF TVS
GBDF 	∼ ƥƤƥƧDN−Ʀ
 <ǊǈǑ> ZJFMET B CSPBE TQFDUSVN PG FMFDUSPOFMFDUSPO EJQPMBS JOUFSBDUJPOT XJUI
FOFSHJFT BU PS OFBS UIF -BSNPS GSFRVFODZ PG FBDI OVDMFBS TQFDJFT ĉJT SFTVMUT JO B CSPBE Ӊ8 GSF
RVFODZ SFTQPOTF PG CPUI ƥ) BOE Ʀƭ4J OVDMFJ 	'JH Ǐǋǉ
 DPOTJTUFOU XJUI QSFWJPVT %/1 TUVEJFT PG
TJMJDPO NJDSPQBSUJDMFT <ǉǊǐ>
ǏǋǊ 5ĽŁĹ ĹŋŃŀŊŉĽŃłŃĺ ŉļĹ ƥ)ńŃŀĵŇĽŐĵŉĽŃłŊłĸĹŇĸŏłĵŁĽķłŊķŀĹĵŇ ńŃŀĵŇĽŐĵŉĽŃł
ĉF UJNF FWPMVUJPO PG UIF ƥ)QPMBSJ[BUJPO PG WBSJPVT GSP[FO TVTQFOTJPOT PG OBUVSBM BCVOEBODF BOE
Ʀƭ4JFOSJDIFE 4J/1 JO GSP[FO XBUFS BOE XBUFSFUIBOPM NJYUVSFT BU Ӊ8GSFRVFODZ PG ǎǍǐǏǍ()[ JT
ǉǊǋ
6B;m`2 dXjXk, UV a+?2KiB+ KQ/2H b?QrBM; i?2 HQ+iBQM Q7 .LS@+iBp2 2H2+i`QM bTBMb i
M/ M2` i?2 bBHB+QM@bBHB+QM QtB/2 BMi2`7+2X ``Qrb BM/B+i2 i?2 /B`2+iBQMb Q7 Mm+H2` TQH`@
BxiBQM ~Qr rv 7`QK i?2 bm`7+2 Q7 i?2 T`iB+H2X U#V h?2`KQ/vMKB+ KQ/2H Ub22 i2tiV 7Q`
i?2 TQH`BxiBQM T`Q+2bb Q7 #Qi? i?2 ƥ> M/ ƦƭaB Mm+H2` bTBM #i?bX ƦƭaB M/ ƥ> Mm+H2B M2`
i?2 /272+i 2H2+i`QMb `2 TQH`Bx2/ /B`2+iHv i?`Qm;?  /BTQH` BMi2`+iBQM QM iBK2 b+H2b ӑ4Jƥ
M/ ӑ)ƥX Lm+H2B 7` rv 7`QK i?2 bm`7+2 `2 i?2M TQH`Bx2/ #v Mm+H2` bTBM /BzmbBQM QM iBK2
b+H2b ӑ4JƦ M/ ӑ)Ʀ i?i `2 /2T2M/2Mi QM i?2 bTiBH b2T`iBQM Q7 i?2 Mm+H2` bTBMbX
ǉǊǌ
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6B;m`2 dXjXj, hBK2 2pQHmiBQM Q7 i?2 ƥ> Mm+H2` TQH`BxiBQM rBi? UbQHB/ b?T2bV M/ rBi?@
Qmi UQT2M b?T2bV TTHB2/ Ӊq B``/BiBQM 7Q` 7`Qx2M bQHmiBQMb Q7 4J/1 : )ƦƤ U9XdW ƦƭaBV
M/ 4J/1 : &U0) : )ƦƤ U9XdW ƦƭaB- NRX9W ƦƭaBVX h?2 2M?M+2K2Mib `2 b+H2/ `2HiBp2 iQ
i?2 9XkE 2[mBHB#`BmK TQH`BxiBQMX 6Bib `2 2tTQM2MiBH U/b?2/ HBM2bV Q` #B2tTQM2MiBH UbQHB/
HBM2bV- b22 i2tiX 1``Q` #`b `2 b?QrM r?2M ;`2i2` i?M i?2 /i bvK#QHX
TIPXO JO 'JH Ǐǋǋ "MM EBUB BSF OPSNBMJ[FE UP UIF ƥ)FRVJMJCSJVN QPMBSJ[BUJPO 	1#
 BU ǌǊ ,XJUI
PVU Ӊ8JSSBEJBUJPO ĉF FOIBODFNFOU DVSWFT XJUI Ӊ8JSSBEJBUJPO EJTQMBZ CJFYQPOFOUJBM CFIBWJPS
XFMM ėU CZ UIF GPSN 1 = 1∞
(
ƥ− ("F−UQPM/ӑƥ + #F−UQPM/ӑƦ)) 	TPMJE MJOFT
 ĉJT JT JO DPOUSBTU UP UIF
UJNF FWPMVUJPO PG UIF ƥ) /.3 TJHOBMT XJUIPVU Ӊ8 JSSBEJBUJPO XIJDI BSF CFĨFS EFTDSJCFE CZ B
TJOHMF FYQPOFOUJBM 1 = 1#
(
ƥ− F−UQPM/5ƥ) 	EBTIFE MJOFT
 #FTU ėU WBMVFT GPS UIFTF DIBSBDUFSJTUJD
UJNFT BSF HJWFO JO 5BCMF Ǐǋǉ
/PUF JO 'JH Ǐǋǋ UIBU UIF MPOHUJNF JOEVDFE QPMBSJ[BUJPO JO UIF XBUFSFUIBOPM TBNQMF JT TVQ
QSFTTFE SFMBUJWF UP UIF XBUFS TBNQMF 8F BĨSJCVUF UIJT UP GBTU OVDMFBS SFMBYBUJPO DBVTFE CZ UIF
SPUBUJOH NFUIZM HSPVQ JO FUIBOPM XIJDI DSFBUFT BO PTDJMMBUJOH NBHOFUJD ėFME XJUI B DIBSBDUFSJTUJD
UJNF DPOTUBOU PG B GFX TFDPOET FWFO BU DSZPHFOJD UFNQFSBUVSFT 	NFUIZM SPUBNFS FĎFDU <Ǌǉǈ>
 *O
DSFBTJOH UIF Ʀƭ4J JTPUPQJD DPODFOUSBUJPO GSPN ƨ.ƫ% UP ƭƥ.ƨ% BOE SFEVDJOH UIF QBSUJDMF TJ[F GSPN ǋ
ӉN UP Ǌǈǈ ON SFEVDFT UIF QPMBSJ[BUJPO SBUFT BOE UIF UPUBM ƥ) QPMBSJ[BUJPO FOIBODFNFOU CZ B GBD
ǉǊǍ
4BNQMF 5ƥ(T) ӑ)ƥ(T) ӑ)Ʀ(T)
4J)ƦƤ 	ǌǏƻ Ʀƭ4J
 ƥƥƥƧ± ƭƪ ƥƦƤ± ƥƨ ƦƧƤƨ± ƧƤƫ
4J&U0))ƦƤ 	ǌǏƻ Ʀƭ4J
 ƨ.Ƨ± Ƥ.ƨ ƨ.ƪ± Ƥ.Ƭ Ʀƥƫ± ƩƬ
4J&U0))ƦƤ 	Ǒǉǌƻ Ʀƭ4J
 ƥƪ± Ƨ ƭƫ± ƥƫ
h#H2 dXjXR, ƥ> TQH`BxiBQM iBK2b }iiBM; iQ 2tT2`BK2MiH /i BM 6B;X jX 5ƥ Bb i?2 +?`+@
i2`BbiB+ iBK2 iF2M 7Q` i?2 ƥ> Mm+H2B iQ `2im`M iQ i?2 2[mBHB#`BmK TQH`BxiBQM rBi?Qmi Ӊq B`@
`/BiBQMX ӑ)ƥ M/ ӑ)Ʀ `2 7bi M/ bHQr TQH`BxiBQM iBK2b r?B+? 7Q`K irQ //BiBp2 +QKTQ@
M2Mib Q7 i?2 TQH`BxiBQM T`Q+2bb +Q``2bTQM/BM; iQ TQH`BxiBQM /QKBMi2/ #v /B`2+i .LS M/
bTBM /BzmbBQM `2bT2+iBp2HvX
UPS PG UXP GSPN ǉǍ UP ǉǊǍ UJNFT UIF #PMU[NBOO QPMBSJ[BUJPO BU ǌǊ ,ĉJT JT QBSUJDVMBSMZ OPUBCMF
HJWFO UIF IJHIFS OVNCFS PG QPMBSJ[BUJPO TJUFT BSJTJOH GSPN TVSGBDF BSFB UP WPMVNF SBUJP UIBU JT ǉǍ
UJNFT MBSHFS JO UIFTF TBNQMFT %FTQJUF UIJT TJHOJėDBOU JODSFBTF JO UIF BWBJMBCJMJUZ PG EJSFDUMZ QPMBS
J[BUJPO TJUFT UIF IJHIFS DPODFOUSBUJPO PG Ʀƭ4J OVDMFBS TQJOT JO UIF /1 BSF BCMF UP BCTPSC B HSFBUFS
UPUBM BOHVMBS NPNFOUVN USBOTGFS GSPN UIF TVSGBDF FMFDUSPOT DPNQBSFE UP UIF OBUVSBM BCVOEBODF
TBNQMFT ĉJT SFTVMUT JO B TMPXFS EJSFDU QPMBSJ[BUJPO SBUF PG UIF ƥ) OVDMFBS TQJOT DMPTF UP UIF TVS
GBDF )PXFWFS UIF SFMBYBUJPO EVF UP UIFNFUIZM SPUBNFS FĎFDU BOE PUIFS FMFDUSPOJD EFGFDUT XJUIJO
UIF GSP[FO NBUSJY SFNBJOT UIF TBNF BT GPS UIF OBUVSBM BCVOEBODF TBNQMFT BOE TP DPNQFUFT NPSF
TUSPOHMZXJUI QPMBSJ[BUJPOCZ TQJO EJĎVTJPO BOEIFODF DBVTFT UIF ƥ)QPMBSJ[BUJPO UP TBUVSBUF FBSMJFS
BOE BU B MPXFS BCTPMVUF WBMVF
*U JT QPTTJCMF UP FTUJNBUF UIF TJ[F PG UIF SFHJPO PG EJSFDU QPMBSJ[BUJPO GPS FBDI OVDMFBS TQFDJFT
6QPO Ӊ8 JSSBEJBUJPO PG UIF FMFDUSPO TQJO CBUI UIF QPMBSJ[BUJPO PG OVDMFJ XJUIJO B SBEJVT S < Ҽ
JT UISPVHI B EJSFDU EJQPMBS JOUFSBDUJPO XJUI B QBJS PG FMFDUSPOT BU B SBUF ӑ−ƥƥ = π/Sƪ XIFSF π =
,$((ӗƤ − ӗ∗) , = ӍҽF#Ʀƥ ӑ/Ʀ JT UIF TBUVSBUJPO TUSFOHUI PG UIF NJDSPXBWF ėFME
$ = Ƨ
ƥƤ
!ƦҽƦF
#Ʀ
#ƦҽƦO5ƦF
ƥ+ #ƦҽƦO5ƦƦF
, 	Ǐǉ

JT B DPOTUBOU EFTDSJCJOH UIF OBUVSF PG UIF FMFDUSPOOVDMFBS EJQPMBS JOUFSBDUJPO BOE((ӗ−ӗ∗) JT UIF
FMFDUSPO MJOFTIBQF GVODUJPO <ǉǈǈ> )FSF#ƥ JT UIF TUSFOHUI PG UIF Ӊ8NBHOFUJD ėFME ӑ JT UIF DPSSF
ǉǊǎ
MBUJPO UJNF PG UIF FMFDUSPO TQJONBHOFUJ[BUJPO PSJFOUBUFE BMPOH UIF EJSFDUJPO PG UIF TUBUJDNBHOFUJD
ėFME 	ƥ/ӑ = ƥ/5ƥF + ƥ/5ƦF
 5ƥF JT UIF FMFDUSPO TQJO MBĨJDF SFMBYBUJPO UJNF BOE 5ƦF UIF USBOTWFSTF
FMFDUSPO TQJO SFMBYBUJPO UJNF ĉFEJTUBODF Ҽ = ($/%)ƥ/ƨ 	% JT UIF TQJOEJĎVTJPO DPOTUBOU
 DIBS
BDUFSJ[FT UIF DSPTTPWFS SBEJVT CFUXFFO EJSFDU BOE EJĎVTJPONFEJBUFE IZQFSQPMBSJ[BUJPO <ǉǈǈ> 
'PS OVDMFJ MPDBUFE PVUTJEF UIJT SBEJVT 	S > Ҽ
 QPMBSJ[BUJPO PDDVST QSFEPNJOBOUMZ WJB OVDMFBS
TQJO EJĎVTJPO XJUI B SBUF ӑ−ƥƦ = ∂1∂U = %∇Ʀ1 <ǑǑ> % = 8BƦ ∼ BƦ/(ƩƤ5ƦO) JT UIF TQJOEJĎVTJPO
DPOTUBOU XJUI B UIF BWFSBHF TFQBSBUJPO CFUXFFO OFBSFTUOFJHICPS OVDMFJ8 UIF QSPCBCJMJUZ PG B
ĚJQĚPQ USBOTJUJPO CFUXFFO OVDMFJ EVF UP EJQPMFEJQPMF JOUFSBDUJPO BOE5ƦO UIF USBOTWFSTF OVDMFBS
TQJO SFMBYBUJPO UJNF <ǉǈǈ> 'PS UIF QSFTFOU TZTUFN XF FTUJNBUF Ҽ) / Ƨ ON BOE Ҽ4J / ƨ ON HJWFO
5ƥF / ƧƤӉT BOE5ƦF / ƥ OT <ǉǊǐ> B)(4J) ≈ ƥ.Ƨ (ƨ.ƥ)ª BOE5ƦO)(4J) = Ƥ.Ƥƥ (Ʃ.ƪ)NT 5SBOTNJTTJPO
FMFDUSPO NJDSPHSBQI TUVEJFT PG UIF 4J/1 TIPX BO PYJEF UIJDLOFTT PG B GFX ON B EJTUBODF TNBMM
FOPVHI GPS UIJT EJSFDU QPMBSJ[BUJPO QSPDFTT UP UBLF QMBDF 8F OPUF UIBU Ҽ JT OPU B IBSE DVUPĎ PG UIF
EJTUBODF GPS EJSFDU QPMBSJ[BUJPO UP UBLF QMBDF SBUIFS JU HJWFT B USBOTJUJPO QPJOU CFUXFFO QPMBSJ[BUJPO
EPNJOBUFE CZ EJSFDU %/1 BOE TQJO EJĎVTJPO
"MUIPVHI UIF UPUBM FOIBODFNFOU 	SBOHJOH GSPN∼ ƥ.Ʃ − Ƨ
 PWFS BMM ƥ) TQJOT JO UIF TBNQMF JT
SFMBUJWFMZ MPX DPNQBSFE UP FOIBODFNFOUT JO DPODFOUSBUFE SBEJDBM TPMVUJPOT <Ǌǉǉ> UIF FOIBODF
NFOU OFBS UIF TVSGBDF PG UIF QBSUJDMFT JT TJHOJėDBOU /VNFSJDBM NPEFMJOH PG UIF QPMBSJ[BUJPO BT B
GVODUJPO PG EJTUBODF GSPN UIF QBSUJDMF TVSGBDF TIPXT B DIBSBDUFSJTUJD MFOHUI PG PSEFS ǉǈ ON ĉJT
JT DPOTJTUFOU XJUI TUVEJFT PG QPMBSJ[BUJPO BT B GVODUJPO PG SBEJDBM DPODFOUSBUJPO <ǉǑǌ> &TUJNBUJOH
UIF FOIBODFE QPMBSJ[BUJPO PG ƥ)OVDMFJ XJUIJO ǉǈ ONPG UIF TVSGBDF PG UIF 4J/1 	DPSSFTQPOEJOH UP
∼ ƥ.Ʀ% PG BMM ƥ) OVDMFJ JO UIF TBNQMF
 CBTFE PO UIF NPEFM BCPWF XF ėOE B GBDUPS PG∼ ƩƤ BCPWF
FRVJMJCSJVN QPMBSJ[BUJPO BU ǌǊ , GPS UIF OBUVSBM BCVOEBODF QBSUJDMFT JO UIF FUIBOPM TPMVUJPO DPS
SFTQPOEJOH UP BO FOIBODFNFOU PG∼ ƧƤƤƤ UJNFT UIF SPPN UFNQFSBUVSF FRVJMJCSJVN QPMBSJ[BUJPO
ĉJT FOIBODFNFOU FYDFFET UIF SFQPSUFE FOIBODFNFOUT PG GVODUJPOBM HSPVQT PO TJMJDB TVSGBDFT VT
JOH BSUJėDJBM GSFF SBEJDBMT BOENVDI IJHIFS QPXFS NJDSPXBWF TPVSDFT FTUJNBUFE BU∼ ƧƤ UJNFT UIF
FRVJMJCSJVN QPMBSJ[BUJPO BU ǏǏ , GPS NPMFDVMFT XJUIJO ǉ ON PG UIF TVSGBDF <ǊǉǊ>
ǉǊǏ
Ǐǌ $ŃłķŀŊňĽŃł
ĉJT FĎFDU NBZ CF PQUJNJ[FE GPS FOIBODFE TPMVUJPO QPMBSJ[BUJPO PS TUVEJFT PG TVSGBDF GVODUJPOBM
J[BUJPO CZ SFEVDJOH UIF Ʀƭ4J DPODFOUSBUJPO JODSFBTJOH UIF TVSGBDF BSFB PG UIF 4J/1 VTJOH QPSPVT
TJMJDPO PS FOHJOFFSJOH UIJOOFS TVSGBDF PYJEFT XJUI IJHIFS EFGFDU EFOTJUJFT "EEJUJPOBMMZ XF OPUF
UIBU UIJT FĎFDU NBZ CF SFWFBMFE JO PUIFS TPMJE TUBUF TZTUFNT XJUI B MPXFS OVDMFBS TQJO DPODFOUSB
UJPO PS MPXFS HZSPNBHOFUJD SBUJP *O QBSUJDVMBS ƥƧ$ %/1 IBT CFFO EFNPOTUSBUFE JO B WBSJFUZ PG
EJBNPOE NBUFSJBMT <Ǒǉ> 	ƥ% ƥƧ$ OBUVSBM BCVOEBODF
 BOE OBOPEJBNPOE BOE IBT TVSGBDF BDUJWF
FMFDUSPOJD EFGFDUT <Ǌǉǋ> UIBU NBZ CF TVJUBCMF BT QPMBSJ[JOH BHFOUT CZ NFDIBOJTNT TJNJMBS UP UIPTF
EFTDSJCFE JO UIJT QBQFS
"ķĿłŃŌŀĹĸĻĹŁĹłŉň
8F BDLOPXMFEHF TVQQPSU GSPN UIF /BUJPOBM 4DJFODF 'PVOEBUJPO VOEFS /4'ǈǏǈǊǊǑǍ UIF #*4)
1SPHSBN	$#&5ǈǑǋǋǈǉǍ
 UIF)BSWBSE/4'/BOPTDBMF 4DJFODF BOE&OHJOFFSJOH$FOUFS BOE UIF
$BOBEB&YDFMMFODF3FTFBSDI$IBJST 1SPHSBN 'BCSJDBUJPO VTFE UIF)BSWBSE$FOUFS GPS/BOPTDBMF
4ZTUFNT 	$/4
 BO /4' /BUJPOBM /BOPUFDIOPMPHZ *OGSBTUSVDUVSF /FUXPSL 	//*/
 TJUF 	&$4
ǈǋǋǍǏǎǍ
 8PSL BU UIF -#/- 	Ʀƭ4J TZOUIFTJT
 XBT TVQQPSUFE CZ UIF %JSFDUPS 0đDF PG 4DJFODF
0đDF PG #BTJD &OFSHZ 4DJFODFT .BUFSJBMT 4DJFODFT BOE &OHJOFFSJOH %JWJTJPO PG UIF 64 %FQBSU
NFOU PG &OFSHZ 	%&"$ǈǊǈǍ$)ǉǉǊǋǉ

ǉǊǐ
8
*OWJWP.BHOFUJD 3FTPOBODF *NBHJOH PG
)ZQFSQPMBSJ[FE 4JMJDPO 1BSUJDMFT
4JMJDPOCBTFE NJDSP BOE OBOPQBSUJDMFT IBWF HBJOFE QPQVMBSJUZ JO B XJEF SBOHF PG CJPNFEJDBM BQQMJDB
UJPOT EVF UP UIFJS CJPDPNQBUJCJMJUZ BOE CJPEFHSBEBCJMJUZ JOWJWP <ȗȝ ȕțȔ> BT XFMM BT B ĚFYJCMF TVSGBDF
DIFNJTUSZ XIJDI BMMPXT ESVH MPBEJOH GVODUJPOBMJ[BUJPO BOE UBSHFUJOH <ȗȜ ȗȝ ȕȚȕ ȕțȕmȕțȗ> 5P EBUF
JOWJWP JNBHJOH BOE USBDLJOH PG TJMJDPO QBSUJDMFT IBT CFFO SFBMJ[FE WJB DPOėOFNFOUFOIBODFE PQUJDBM
BDUJWBUJPO <ȗȝ> PS CZ UIF JODPSQPSBUJPO PG JNBHJOH BHFOUT TVDI BT ĚVPSFTDFOU NBSLFST <ȗȜ> QBSBNBH
OFUJD DPNQPVOET GPS DPOWFOUJPOBM NBHOFUJD SFTPOBODF JNBHJOH 	.3*
 <ȕțȘ ȕțș> PS SBEJPOVDMJEFT GPS
ǉǊǑ
QPTJUSPO FNJTTJPO UPNPHSBQIZ 	1&5
 <ȖȕȘ> )FSF XF SFQPSU EJSFDU JOWJWP JNBHJOH PG IZQFSQPMBSJ[FE
Ʀƭ4J OVDMFJ TJMJDPONJDSPQBSUJDMFT CZ.3* /BUVSBM QIZTJDBM QSPQFSUJFT PG TJMJDPO QSPWJEF TVSGBDF FMFDUSPOJD
TUBUFT GPS EZOBNJD OVDMFBS QPMBSJ[BUJPO 	%/1
 FYUSFNFMZ MPOH EFQPMBSJ[BUJPO UJNFT JOTFOTJUJWJUZ UP UIF
JOWJWP FOWJSPONFOU PS QBSUJDMF UVNCMJOH BOE TVSGBDFT GBWPSBCMF GPS GVODUJPOBMJ[BUJPO "QQMJDBUJPOT UP
HBTUSPJOUFTUJOBM JOUSBWBTDVMBS BOE UVNPS QFSGVTJPO JNBHJOH BU TVCQJDPNPMBS DPODFOUSBUJPOT BSF QSF
TFOUFE ĉFTF SFTVMUT EFNPOTUSBUF B OFX CBDLHSPVOEěFF JNBHJOH NPEBMJUZ BQQMJDBCMF UP B SBOHF PG JO
FYQFOTJWF SFBEJMZ BWBJMBCMF BOE CJPDPNQBUJCMF 4J QBSUJDMFT Ǯ
ǐǉ *łŉŇŃĸŊķŉĽŃł
.ĵĻłĹŉĽķ ŇĹňŃłĵłķĹ ĽŁĵĻĽłĻ 	.3*
 Ľň ĵł ĵŔŇĵķŉĽŋĹ ŉĹķļłĽŅŊĹ GPS CPUI JOWJWP TUVEJFT
BOE DMJOJDBM EJBHOPTJT BT JU JT OPOJOWBTJWF ZJFMET IJHI BOBUPNJDBM SFTPMVUJPO BOE SFRVJSFT OP JPO
J[JOH SBEJBUJPO )PXFWFS UIF TNBMM NBHOFUJD NPNFOU PG BUPNJD OVDMFJ NFBOT UIBU MBSHF OVNCFST
PG OVDMFJ BSF SFRVJSFE GPS JNBHJOH VOEFS DPOWFOUJPOBM DPOEJUJPOT 0OF BQQSPBDI UP JODSFBTJOH UIF
.3* TJHOBM JT UP JODSFBTF QPMBSJ[BUJPO GBS CFZPOE JUT FRVJMJCSJVN WBMVFãB UFDIOJRVF LOPXO BT IZ
QFSQPMBSJ[BUJPO 'PS JOTUBODF IZQFSQPMBSJ[FE OPCMF HBTFT IBWF TIPXO HSFBU QSPNJTF JO TUSVDUVSBM
JNBHJOH PG UIF MVOHT <ǍǊ Ǎǋ ǊǉǍ> XIJMF IZQFSQPMBSJ[FE ƥƧ$ BOE ƥƩ/NFUBCPMJUFT IBWF CFFO VTFE
GPS TUVEJFT PG NFUBCPMJTN BOE Q) JO PODPMPHZ <ǍǌmǍǏ> " LFZ SFRVJSFNFOU GPS IZQFSQPMBSJ[BUJPO
JT UIF USBOTGFS PG BOHVMBS NPNFOUVN GSPN B IJHIMZ QPMBSJ[FE TPVSDF UP UIF UBSHFU OVDMFJ 'PS FY
BNQMF UIF TPVSDF PG BOHVMBSNPNFOUVN JO UIF OPCMF HBT FYQFSJNFOUT JT BO PQUJDBMMZ FYDJUFE WBQPS
<Ǎǐ> 'PS MJRVJE TUBUF NFUBCPMJUFT UIF TPVSDF JT UIF TQJO PG GSFF SBEJDBMT 	VOQBJSFE FMFDUSPOT
 DPN
CJOFE XJUI UIF NFUBCPMJUF PG JOUFSFTU GPS MPX UFNQFSBUVSF EZOBNJD OVDMFBS QPMBSJ[BUJPO 	%/1

<ǍǑmǎǉ> PS QBSBIZESPHFO JO DPNCJOBUJPO XJUI BO PSHBOPNFUBMMJD DBUBMZTU <ǍǏ ǎǉ>
.3* VTJOH TJMJDPO JT QBSUJDVMBSMZ BĨSBDUJWF GPS TFWFSBM SFBTPOT 'JSTU UIF OVDMFBS NBHOFUJD NP
ǮĉJT DIBQUFS JT TVCNJĨFE GPS QVCMJDBUJPO BT *OWJWP .BHOFUJD 3FTPOBODF *NBHJOH PG )ZQFSQPMBSJ[FE 4JMJDPO 1BS
UJDMFT XJUI BVUIPST . $ $BTTJEZ ) 3 $IBO #% 3PTT 1, #IBĨBDIBSZB BOE $. .BSDVT
ǉǋǈ
NFOU PG Ʀƭ4J JT DMPTF UP UIBU PG ƥƧ$ BOE ƥƩ/ QVĨJOH JU XJUIJO UVOJOH SBOHF PG DPNNFSDJBM NVMUJ
OVDMFBS .3* TZTUFNT 4FDPOE EJSFDU JNBHJOH PG Ʀƭ4J JT FTTFOUJBMMZ CBDLHSPVOE GSFF BT UIF CPEZ
DPOUBJOT POMZ USBDF RVBOUJUJFT PG 4J OBUVSBMMZ ĉJSE CFDBVTF OBUJWF 4J DPOTJTUT PG B EJMVUF 	ǌǎƻ

DPODFOUSBUJPO PG TQJOǉǊ Ʀƭ4J OVDMFJ JO B OVDMFBSTQJOGSFF MBĨJDF UIF XFBL EJQPMBS JOUFSBDUJPO
CFUXFFO Ʀƭ4J OVDMFJ BOE UIFJS JOTFOTJUJWJUZ UP DSZTUBMMJOF FMFDUSJD ėFMET 	VOJRVF UP TQJO ǉǊ OV
DMFJ
 SFTVMUT JO SFNBSLBCMZ MPOH SFMBYBUJPO UJNFT 	5ƥ
 VQ UP TFWFSBM IPVST JO IJHI QVSJUZ TBNQMFT
<ǏǑ ǉǋǐ> DPIFSFODF UJNFT 	5Ʀ
 PG TFWFSBM TFDPOET <ǉǌǉ> BOE BO JOTFOTJUJWJUZ UP MBĨJDF PSJFOUB
UJPO PS SPUBUJPO 'PVSUI XIJMF UIFSF BSF GFX VOQBJSFE FMFDUSPOT XJUIJO CVML PG IJHI QVSJUZ DSZT
UBMMJOF 4J TVSGBDF EFGFDUT DPNQSJTJOH VOQBJSFE FMFDUSPOT BSF QSFWBMFOU BU UIF OBUVSBMMZ PDDVSSJOH
TJMJDPOTJMJDB 	TJMJDPO EJPYJEF
 JOUFSGBDF 	'JH ǐǋǉ	B

 4VSGBDF EFGFDUT BSF JEFBM GPS %/1 <ǉǊǐ>
BOE CFDBVTF UIFZ BSF SFNPUF GSPNNPTU Ʀƭ4J OVDMFJ EP OPU MFBE UP SBQJE SFMBYBUJPO PG OVDMFBS IZ
QFSQPMBSJ[BUJPO
ǐǊ .ĵŉĹŇĽĵŀň ĵłĸ ĹŎńĹŇĽŁĹłŉĵŀ ŁĹŉļŃĸň
ǐǊǉ 1ŇĹńĵŇĵŉĽŃł Ńĺ ňĽŀĽķŃł ńĵŇŉĽķŀĹň
4JMJDPO QPXEFS 	Ʀ ӉN "14 ǑǑǑǑǐǍƻ FMFNFOUBM QVSJUZ "MQIB "FTBS
 XBT VTFE CPUI BT TVQQMJFE
BOE GPMMPXJOH TVSGBDF GVODUJPOBMJ[FE XJUI QPMZFUIZMFOFHMZDPM 	1&(
 GPS CJPDPNQBUJCJMJUZ 1BSUJ
DMFT XFSF TVTQFOEFE JO BDJEJėFE FUIBOPM 	Q) ǋǍ 4JHNB ǉǈǈƻ
 BOE QMBDFE JO BO VMUSBTPOJD CBUI
GPS Ǎ NJO ǋBNJOPQSPQZMUSJFUIPYZTJMBOF 	"15&4 4JHNB ǑǑƻ
 XBT BEEFE BU B DPODFOUSBUJPO PG
ǉǈǈ Ӊ-H PG TJMJDPO BOE UIF TBNQMF TIBLFO PO B QMBUF TIBLFS GPS Ǌǌ I &YDFTT TJMBOFT XFSF SFNPWFE
CZ DFOUSJGVHBUJPO BOE SJOTJOH BOE UIF QBSUJDMFT SFTVTQFOEFE JO FUIBOPM CVĎFS /)4E1&(ǌ	N
1&(ǉǊ
ǋFTUFS 	2VBOUB #JPEFTJHO
 XBT BEEFE BU B DPODFOUSBUJPO PG ǉǈǈ NHH PG TJMJDPO BOE UIF
TBNQMF XBT TIBLFO BU ǌǍ◦ $ GPS ǉǊ I ĉF QBSUJDMFT XFSF UIFO SJOTFE JO BDJEJėFE FUIBOPM CVĎFS BOE
DPODFOUSBUFE CZ DFOUSJGVHBUJPO
4BNQMFT 	∼ǉǈǈ NH
 XFSF QBDLFE JOUP UIJO XBMM 5FĚPO UVCFT UIBU XJUITUPPE UIF SBQJE UIFSNBM
ǉǋǉ
DZDMJOH JOWPMWFE XJUI UIF QPMBSJ[BUJPO QSPDFTT CFGPSF CFJOH MPBEFE JOUP UIF QPMBSJ[FS
ǐǊǊ 1ĵŇŉĽķŀĹ ňĽŐĹ ĵłĵŀŏňĽň
ĉF TJ[F EJTUSJCVUJPOT PG UIF QBSUJDMFT XFSF EFUFSNJOFE CZ TDBOOJOH FMFDUSPO NJDSPTDPQZ %JMVUF
TVTQFOTJPOT PG TJMJDPO QBSUJDMFT JONFUIBOPM XFSF TPOJDBUFE GPS ǉǈNJOT CFGPSF CFJOH QJQFĨFE POUP
B HSBQIJUF TVCTUSBUF XIJDI XBT NPVOUFE PO B TUBOEBSE TQFDJNFO IPMEFS XJUI DPOEVDUJOH DBSCPO
UBQF 1BSUJDMF EJBNFUFST XFSF FYUSBDUFE GSPN BOBMZTJT PG UIF 4&. JNBHFT XJUI QBSUJDMFNFBTVSJOH
TPěXBSF 	(BUBO %JHJUBM .JDSPHSBQI
 "QQSPYJNBUFMZ Ǎǈǈ QBSUJDMFT XFSF BOBMZ[FE TPVSDFE GSPN
∼ ǉǈ JNBHFT 'SPN UIJT UIF WPMVNF XFJHIUFE TJ[F EJTUSJCVUJPO O(E).EƧ XBT QMPĨFE TIPXJOH BO
BWFSBHF WPMVNF XFJHIUFE QBSUJDMF EJBNFUFS PG∼ Ʀ ӉN 	'JH ǐǊǉ

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6B;m`2 3XkXR, 7PMVNF XFJHIUFE QBSUJDMF TJ[F EJTUSJCVUJPO PCUBJOFE CZ 4&. JNBHF BOBMZTJT TIPXJOH
BO BWFSBHF QBSUJDMF TJ[F PG ƦӉN
ǐǊǋ 4ŊŇĺĵķĹ ĵŇĹĵ ĵłĵŀŏňĽň
ĉF QBSUJDMF TVSGBDF BSFB XBT EFUFSNJOFE CZ OJUSPHFO BETPSQUJPOEFTPSQUJPO WPMVNFUSJD JTPUIFSN
	#&5
 BOBMZTJT VTJOH B .JDSPNFSJUJDT "4"1 ǊǈǊǈ 4ZTUFN
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M/ ƪƭ◦ ;`22 rBi? i?2 T2F HQ+iBQMb Q7  FMQrM bBHB+QM biM/`/ UƥƤӉN Sa-
LAahVX "v +QKT`BM; i?2 #`Q/2MBM; Q7 i?2b2 T2Fb +QKT`2/ iQ i?2 biM/`/ r2 2biB@
Ki2 i?i i?2 T`iB+H2b `2 TT`QtBKi2Hv 3yW +`vbiHHBM2 rBi? M p2`;2 +`vbiHHBi2 bBx2 Q7
j8y MKX
ǐǊǌ $ŇŏňŉĵŀŀĽŉĹ ňĽŐĹ ŁĹĵňŊŇĹŁĹłŉň
1PXEFS YSBZ EJĎSBDUJPO NFBTVSFNFOUT 	4DJOUBH 9%4Ǌǈǈǈ
 XFSF QFSGPSNFE UP BOBMZ[F UIF QBSUJ
DMF DSZTUBMMJOJUZ BOE BWFSBHF DSZTUBMMJUF TJ[F ĉF QFBLT BU ƦƬ◦ ƨƫ◦ Ʃƪ◦ BOE ƪƭ◦ 	'JH ǐǊǊ
 BHSFF
XJUI UIF QFBL MPDBUJPOT PG B LOPXO TJMJDPO TUBOEBSE 	ƥƤ ӉN"14/*45
 #Z DPNQBSJOH UIF CSPBE
FOJOH PG UIFTF QFBLT DPNQBSFE UP UIF TUBOEBSE XF FTUJNBUF UIBU UIF QBSUJDMFT IBWF BO BWFSBHF DSZT
UBMMJUF TJ[F PG BQQSPYJNBUFMZ ǋǍǈ ON
ǐǊǍ %ĹĺĹķŉ ĸĹłňĽŉŏ ŁĹĵňŊŇĹŁĹłŉň
$POUJOVPVT XBWF FMFDUSPO TQJO SFTPOBODF 	&43
NFBTVSFNFOUT XFSF QFSGPSNFE PO CVML TBNQMFT
PG UIF QBSUJDMFT BU ǋǌ , 	#SVLFS &MFY4ZT &Ǎǈǈ
 	'JH ǐǋǊ 	C

 "O FTUJNBUF PG UIF FMFDUSPO TQJO
DPODFOUSBUJPO PO UIF QBSUJDMF TVSGBDFXBTNBEF CZ UBLJOH &43 TQFDUSB XJUI B QJFDF PG QIPTQIPSVT
EPQFE TJMJDPO XBGFS BMTP JOTFSUFE JO UIF TQFDUSPNFUFS DBWJUZ ĉF BEEJUJPO PG UIF XBGFS QJFDF SF
TVMUFE JO UIF BQQFBSBODF PG BEEJUJPOBM &43 TJHOBM EVF UP UIF OUZQF EPQJOH $PNQBSJOH UIF QFBL
BSFBT BOE VTJOH UIF LOPXO EPQJOH MFWFM PG UIF XBGFS QJFDF 	Ƥ.ƤƤƬ− Ƥ.Ƥƥ ϕ. DN
 ZJFMEFE BO PSEFS
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6B;m`2 3XkXj, 3PPN UFNQFSBUVSF Ʀƭ4J OVDMFBS 5ƥ NFBTVSFNFOU PG UIF TJMJDPO QBSUJDMFT BU ǊǑ 5 NFB
TVSFE XJUI B TBUVSBUJPO SFDPWFSZ $1.( TFRVFODF
PGNBHOJUVEF FTUJNBUF PG UIFNFBO WPMVNF EFOTJUZ PG EFGFDU TQJOT ƥƤƥƬ DN−Ƨ "TTVNJOH B TVSGBDF
UPWPMVNF SBUJP PG Ǌ ӉN EJBNFUFS TQIFSFT UIF NFBO WPMVNF EFOTJUZ DPSSFTQPOET UP B TVSGBDF EF
GFDU DPODFOUSBUJPO PG ƥƤƥƧ DN−Ʀ
ǐǊǎ 3ŃŃŁ ŉĹŁńĹŇĵŉŊŇĹ 5ƥ ŁĹĵňŊŇĹŁĹłŉň
ĉF SPPN UFNQFSBUVSF 5ƥ PG UIF TBNQMF XBT NFBTVSFE XJUI B TBUVSBUJPO SFDPWFSZ $BSS1VSDFMM
.FJCPPN(JMM 	$1.(
 TFRVFODF <Ǒǎ ǑǏ> 	'JH ǐǊǋ
 " USBJO PG ǋǊ IBSE ӍǊ QVMTFT TBUVSBUFE
SFTJEVBM NBHOFUJ[BUJPO BOE UIF TBNQMF XBT BMMPXFE UP QPMBSJ[F GPS B UJNF ӑ ĉF NBHOFUJ[BUJPO
XBT SPUBUFE UP UIF USBOTWFSTF QMBOF XJUI B TJOHMF ӍǊ QVMTF BOE 	/Ǌǈǈ
 Ӎ QVMTFT QFSGPSNFE ĉF
FDIP GPMMPXJOH FBDI PG UIF Ӎ QVMTFT XFSF 'PVSJFS USBOTGPSNFE BOE UIF IFJHIU PG UIF QFBL XBT VTFE
BT B NFBTVSF PG UIF OVDMFBS QPMBSJ[BUJPO ĉF EBUB JT ėĨFE XJUI B CJFYQPOFOUJBM GVODUJPO 1 =
1Ƥ +
(
(ƥ− һ)F−ӑ/5ƥ,G + һF−ӑ/5ƥ,T) BOE UXP UJNF DPNQPOFOUT BSF FYUSBDUFE 5ƥ,G = ƪ ± ƥ NJO
DPSSFTQPOET UP OVDMFJ XJUIJO UIF TIFMM PG UIF QBSUJDMF BOE5ƥ,T = Ʀƭ±ƪNJO DPSSFTQPOET UP OVDMFJ
XJUIJO UIF DPSF PG UIF QBSUJDMFT
ǉǋǌ
ǐǊǏ Ʀƭ4Ľ ĸŏłĵŁĽķ łŊķŀĹĵŇ ńŃŀĵŇĽŐĵŉĽŃł
8F VTFE B IPNFCVJMU %/1 QPMBSJ[FS PQFSBUJOH BU B NBHOFUJD ėFME PG ǊǑ 5 BOE UFNQFSBUVSF PG
ǋǌ , MPDBUFE BEKBDFOU UP B ǌǏ 5 BOJNBM .3* TZTUFN "U MPX UFNQFSBUVSFT BOE IJHI NBHOFUJD
ėFMET VOQBJSFE FMFDUSPOT BU UIF QBSUJDMF TVSGBDF BSF IJHIMZ TQJO QPMBSJ[FE #Z BQQMZJOH NJDSPXBWF
JSSBEJBUJPO TMJHIUMZ CFMPX UIF FMFDUSPO TQJO SFTPOBODF GSFRVFODZ TQJO ĚJQĚPQT BSF ESJWFO CFUXFFO
OFBSCZ EJQPMBSDPVQMFE FMFDUSPOT MFBEJOH UP B OFU USBOTGFS PG TQJO QPMBSJ[BUJPO GSPN UIF FMFDUSPOT
UP Ʀƭ4J OVDMFJ OFBS UIF TVSGBDF 0WFS UJNF Ʀƭ4J OVDMFJ JO UIF QBSUJDMF DPSF CFDPNF IZQFSQPMBSJ[FE
WJB OVDMFBS TQJO EJĎVTJPO GSPN UIF TVSGBDF /VDMFJ JO UIF DPSF SFHJPO BSF QSPUFDUFE GSPN SFMBYBUJPO
UIF EPNJOBOU QBUIXBZ CFJOH TMPXOVDMFBS TQJO EJĎVTJPO CBDL UP UIF TVSGBDF ĉF UJNF TDBMF GPS UIJT
QSPDFTT JT JOEFQFOEFOU PG BNCJFOUNBHOFUJD ėFME <ǊǈǑ> BOE UFNQFSBUVSF <Ǒǌ> EFQFOEJOH POMZ PO
QPMBSJ[BUJPO UJNF QBSUJDMF TJ[F BOE UIF QVSJUZ PG UIF QBSUJDMF <ǉǋǐ> ĉJT BMMPXT UIF IZQFSQPMBSJ[FE
QBSUJDMFT UP CF USBOTQPSUFE UISPVHI BO FOWJSPONFOU PG WBSZJOH NBHOFUJD ėFMET GSPN UIF QPMBSJ[FS
UP UIF.3* TZTUFN PWFS TFWFSBM NJOVUFT XJUIPVU B TJHOJėDBOU MPTT PG QPMBSJ[BUJPO
%/1XBTQFSGPSNFE BU ǋǌ, JO B DVTUPNCVJMU QPMBSJ[FS PQFSBUJOH BU ǊǑ5 GPS QPMBSJ[BUJPO UJNFT
JO UIF SBOHF ǌ  Ǌǌ I 'SFRVFODZ NPEVMBUFE NJDSPXBWF JSSBEJBUJPO XBT BQQMJFE CFUXFFO ǐǈǐǋ 
ǐǈǑǉ ()[ 	ǉǈ L)[ SBNQNPEVMBUJPO
 XJUI B Ǌ8NJDSPXBWF TPVSDF 	2VJOTUBS
 MPDBUFE BU SPPN
UFNQFSBUVSF BOE DPVQMFE UP UIF TBNQMF WJB BNNXBWFHVJEF %FUBJMT PG UIF QPMBSJ[FS DPOTUSVDUJPO
BOE GSFRVFODZ NPEVMBUJPO UFDIOJRVF BSF EFTDSJCFE JO "QQFOEJY "
ǐǊǐ 4ĵŁńŀĹ ŉŇĵłňĺĹŇ ĵłĸ ĸĽňňŃŀŊŉĽŃł
4PMJE TBNQMFT XFSF SFNPWFE GSPN UIF QPMBSJ[FS BOE USBOTQPSUFE UP UIF GBDF PG UIF NBHOFU GPS EJT
TPMVUJPO 1IPTQIBUF CVĎFSFE TBMJOF 	ǈǍ  ǉ N-
 PS FUIBOPM XBT BEEFE BOE UIF TBNQMF TVTQFOEFE
CZ NBOVBM BHJUBUJPO ĉF UPUBM USBOTQPSU BOE EJTTPMVUJPO UJNF XBT BQQSPYJNBUFMZ Ǌ NJO
ǉǋǍ
ǐǊǑ /.3 ĹŎńĹŇĽŁĹłŉň
ĉF DIBSBDUFSJTUJD EFQPMBSJ[BUJPO UJNF DPOTUBOU5ƥ,EFQ XBTNFBTVSFE JO UIF BOJNBM TDBOOFS VTJOH B
WBSJBCMF ĚJQ BOHMF TFRVFODF UIBU QSFTFSWFE UIF JOUSJOTJD5ƥ EFDBZPG UIF TBNQMF 'PS/ FYQFSJNFOUT
UIF ĚJQ BOHMF GPS UIF OUI QVMTF XBT DBMDVMBUFE CZ ӂO = UBO−ƥ( ƥ/−O)
"MM Ʀƭ4J TQFDUSBXFSF FYQPSUFE UP *HPS1SP 	W ǎǊǊ8BWFNFUSJDT
 GPS BOBMZTJT " ǍNT FYQPOFOUJBM
ėMUFS XBT BQQMJFE UP UIF DPNQMFY UJNF EPNBJO EBUB CFGPSF 'PVSJFS USBOTGPSN
ǐǊǉǈ .3* ĹŎńĹŇĽŁĹłŉň
"MM QIBOUPN BOE BOJNBM .3* FYQFSJNFOUT XFSF QFSGPSNFE BU ǌǏ 5 JO B IPSJ[POUBM CPSF BOJNBM
TDBOOFS 	#SVLFS #JPTQJO
 PVUėĨFEXJUI B IJHISFTPMVUJPO HSBEJFOU TFU $POUSPM PG UIF FYQFSJNFOU
XBT QFSGPSNFEVTJOH UIF QSFDMJOJDBM TPěXBSF1BSBWJTJPO 	W ǋǈǊ#SVLFS#JPTQJO
 "EVBM DPJM TFUVQ
XBT VTFE GPS DPSFHJTUFSFE ƥ) Ʀƭ4J JNBHJOH " ƥ) WPMVNF DPJM XBT VTFE GPS TBNQMF QMBDFNFOU BOE
BOBUPNJDBM JNBHJOH Ʀƭ4J JNBHJOH BOE TQFDUSPTDPQZ XBT QFSGPSNFE XJUI B DVTUPN CVJMU TVSGBDF
DPJM 	ǋǐNN *%
 UIBU XBT QMBDFE PO UIF BCEPNJOBM SFHJPO PG UIF BOJNBM ĉF DPJM TJ[F XBT TMJHIUMZ
JODSFBTFE 	ǌǍ NN *%
 GPS UIF 5Ć.1 BOJNBM EVF UP UIF TJ[F PG UIF UVNPS " TNBMM 	∼ ƥ N-

QIBOUPN PG USJNFUIZM TJMBOPM 	5.4 ǑǑƻ 4JHNB
 XBT MPDBUFE JO UIF WPMVNF DPJM ǉ DN BCPWF UIF
GBDF PG UIF TVSGBDF DPJM BT B Ʀƭ4J TQFDUSPTDPQJD SFGFSFODF 'PS QIBOUPN JNBHJOH UIF QIBOUPN XBT
QMBDFE JO B IPMEFS DFOUFSFE JO UIF WPMVNF DPJM XJUI B WFSUJDBM EJTQMBDFNFOU PG ǉ DN BCPWF UIF GBDF
PG UIF TVSGBDF DPJM *O 'JH ǐǋǎ	B
 UIF QIBOUPN TJ[FXBT∼ Ǌ Y ǉǌ QJYFMT XJUIJO UIF ǎǌ Y ǎǌ JNBHJOH
NBUSJY 	JOEJWJEVBM TFHNFOUT XFSF∼ Ǌ Y Ǌ QJYFMT
 'PS 'JH ǐǋǎ	C
 UIF QIBOUPN TJ[F XBT∼ ǎ Y ǊǊ
QJYFMT XJUIJO UIF ǎǌ Y ǎǌ JNBHJOH NBUSJY
"OBUPNJDBM JNBHJOH XBT QFSGPSNFE XJUI B TUBOEBSE ƥ)NVMUJQMFTMJDF NVMUJQMFFDIP 	.4.&

TQJO FDIP TFRVFODF ĉF JNBHJOH QBSBNFUFST XFSF BT GPMMPXT DPSPOBM PSJFOUBUJPO ǐ TMJDFT TMJDF
UIJDLOFTT  ǋ NN ǊǍǎ Y ǊǍǎ QJYFM SFTPMVUJPO ėFME PG WJFX 	'07
  ǎ DN " DVTUPN TQJO FDIP
QVMTF TFRVFODF XBT XSJĨFO GPS Ʀƭ4J JNBHJOH UP UBLF BEWBOUBHF PG UIF QBSUJDVMBS EFDPIFSFODF QSPQ
FSUJFT PG TPMJE TJMJDPO %VF UP UIF XFBL EJQPMBS DPVQMJOH PG UIF Ʀƭ4J OVDMFJ JO UIF DSZTUBMMJOF MBĨJDF
ǉǋǎ
READ
PHASE
29Si
LOOP N=64 times
0.74 ms
N = 64
α 180(0) (π/2)
6B;m`2 3XkX9, SmHb2 b2[m2M+2 mb2/ 7Q` ƦƭaB BK;BM;X  bBM;H2 һ TmHb2 iBTT2/ i?2 K;M2iBx@
iBQM BMiQ i?2 i`Mbp2`b2 THM2X 1+? HBM2 Q7 F bT+2 rb +[mB`2/ 7`QK  bTBM 2+?Q 7i2` UL 4
e9V bi2Tb BM i?2 T?b2 2M+Q/2 ;`/B2MiX
UIF SBQJE BQQMJDBUJPO PG IBSE Ӎ QVMTFT JO B $1.( TFRVFODF DBO FYUFOE UIF DPIFSFODF UJNF CZ TFW
FSBM PSEFST PG NBHOJUVEF <Ǒǐ> ĉJT SFTVMUT JO BO FĎFDUJWF MJOFXJEUI OBSSPXJOH XIJDI XF VUJMJ[F
GPS JNBHJOH UIF FOUJSF Ǌ% JNBHF GSPN B TJOHMF FYDJUBUJPO һ UP UIF USBOTWFSTF QMBOF
ĉF Ʀƭ4J JNBHJOH QVMTF TFRVFODF EJBHSBN JT TIPXO JO 'JH ǐǊǌ ĉF JNBHJOH QBSBNFUFST XFSF
BT GPMMPXT DPSPOBM PSJFOUBUJPO TJOHMF TMJDF TMJDF UIJDLOFTT  ǎǈ NN һ = ƦƤ◦ − ƭƤ◦ SFQFUJUJPO
UJNF 	53
  ǉǍ NT FDIP UJNF 	5&
  ǈǏǌ NT ėFME PG WJFX 	'07
  ǌǈ Y ǌǈ NN ǎǌ Y ǎǌ QJYFM
SFTPMVUJPO XJUI B UPUBM JNBHJOH UJNF PG ǋǈǈ NT ĉF '07 XBT JODSFBTFE UP ǌǍ Y ǌǍ NN GPS UIF
5Ć.1 BOJNBM JNBHFT EVF UP UIF MBSHF TJ[F PG UIF UVNPS
Ʀƭ4J JNBHFT XFSF FYQPSUFE UP *HPS 1SP 	W ǎǊǊ 8BWFNFUSJDT
 GPS QPTUQSPDFTTJOH &BDI SPX
PG SBX LTQBDF EBUB XBT ėMUFSFE XJUI B )BOOJOH XJOEPX UP SFEVDF (JCCT SJOHJOH BOE [FSPėMMFE
UP ǉǊǐ Y ǉǊǐ QJYFMT CFGPSF B Ǌ% JOWFSTF 'PVSJFS USBOTGPSN XBT BQQMJFE ĉF NBHOJUVEF PG UIF
SFTVMUJOH JNBHF XBT UIFO UBLFO $POTJTUFOU NBHOJUVEF TDBMJOH XBT VTFE BDSPTT BMM QIBOUPN BOE
BOJNBM FYQFSJNFOUT $PSFHJTUFSFE JNBHFT XFSF TZTUFNBUJDBMMZ UISFTIPMEFE TP UIBU QJYFMT MFTT UIBO
ǋ TUBOEBSE EFWJBUJPOT BCPWF UIF OPJTF XFSF TFU USBOTQBSFOU BOE UIF SFNBJOJOH QJYFMT DPMPSFE PO B
HBNNB GVODUJPO DPMPS TDBMF ƥ) JNBHFT XFSF QSPDFTTFE XJUIJO UIF 1BSBWJTJPO FOWJSPONFOU
ǉǋǏ
*O 'JH ǐǋǎ	C
 UIF SFTVMUT PG ǐ TVDDFTTJWF BWFSBHFT XFSF BEEFE UPHFUIFS UP GPSN UIF JNBHF EJT
QMBZFE XJUIJO UIF QBQFS ĉFTF BSF BMM GSPN TJOHMF QPMBSJ[BUJPO FWFOUT BOE VTFE JO UIF DBTF UIBU
UIF һ = ƭƤ◦ JOUFOEFE XBT OPU BDDVSBUF BDSPTT UIF FOUJSF TBNQMF BOE TPNF SFTJEVBM QPMBSJ[BUJPO
SFNBJOFE "MM PUIFS JNBHFT BSF UIF SFTVMU PG ǉ BWFSBHF
'PS UIF JOWJWP JNBHFT B ǉǈ EJNFOTJPOBM QSJODJQMF DPNQPOFOU BOBMZTJT XBT BQQMJFE UP UIFNBH
OJUVEF JNBHF NBUSJY UP SFEVDF UIF FĎFDUT PG JOTUSVNFOUBUJPO OPJTF
Ʀƭ4J QIBOUPN JNBHFT JO 'JH ǐǋǎ XFSF DSPQQFE GSPN ǌǈ NN UP ǉǍ NN JO UIF IPSJ[POUBM EJSFD
UJPO BěFS QPTU QSPDFTTJOH GPS GPSNBĨJOH ĉJT EJE OPU SFNPWF BOZ WJTJCMF TJHOBM GSPN UIF JNBHF
ǐǊǉǉ .ŃŊňĹ ļĵłĸŀĽłĻ
"MM BOJNBM XPSL XBT QFSGPSNFE JO BDDPSEBODF XJUI UIF JOTUJUVUJPOBM BOJNBM QSPUPDPM HVJEFMJOFT
JO QMBDF BU UIF )VOUJOHUPO .FEJDBM 3FTFBSDI *OTUJUVUF BOE XBT SFWJFXFE BOE BQQSPWFE CZ UIF
*OTUJUVUFT "OJNBM 3FTFBSDI $PNNJĨFF .BMF #"-#DNJDF 	∼ Ǌǈ H
 	)BSMBO -BCPSBUPSZ -JWFS
NPSF $"
 XFSF VTFE GPS UIF OPSNBM FYQFSJNFOUT .BMF 53BOTHFOJD "EFOPDBSDJOPNB PG .PVTF
1SPTUBUF 	5Ć.1
 NJDF 	+BDLTPO -BCPSBUPSZ #BS )BSCPS .&
 XFSF VTFE GPS QSPTUBUF UVNPS
FYQFSJNFOUT ĉF BOJNBMT XFSF BOFTUIFUJ[FE CZ GBDF NBTL 	ǉƻ JTPĚVSBOF JO ǈǐ -NJO PYZHFO

BOE B DBUIFUFS XBT QPTJUJPOFE JOUSBHBTUSJDBMMZ 	(*
 JOUSBQFSJUPOFBMMZ 	*1
 PS JOUSBWFOFPVTMZ 	*7

PSXJUIJO UIF UVNPS ĉF BOJNBM XBT QMBDFE JOUP B DVTUPNIFBUFE IPMEFS DPNQBUJCMF XJUI UIF.3*
DPJMT BOE LFQU BOFTUIFUJ[FE XJUI B OPTF DPOF EVSJOH UIF FYQFSJNFOU
ĉFIZQFSQPMBSJ[FE TJMJDPOQBSUJDMFTXFSF TVTQFOEFE JOQIPTQIBUFCVĎFSFE TBMJOF 	#BYUFS)FBMUI
DBSF
 CFGPSF CFJOH JOKFDUFE UISPVHI UIF DBUIFUFS XJUI B ǊǍ(BVHF TZSJOHF ĉF TVTQFOTJPO BNPVOU
XBT ǈǋ N- GPS (* BOE *1 BOE ǉN- GPS *7 "EEJUJPOBMMZ VOGVODUJPOBMJ[FE QBSUJDMFT VTFE GPS UIF
(* FYQFSJNFOUT XFSF ėSTU TVTQFOEFE JO ǈǊN- PG FUIBOPM GPS FOIBODFE TVSGBDF TUBCJMJ[BUJPO ĉF
JOKFDUJPO XBT GPMMPXFE CZ ǈǊ N- PG TBMJOF UP DMFBS UIF DBUIFUFS "ěFS UIF FYQFSJNFOU UIF BOJNBMT
XFSF TBDSJėDFE XIJMF TUJMM BOFTUIFUJ[FE BOE JOUFSOBM PSHBOT 	TQMFFO MJWFS LJEOFZT
 XFSF IBSWFTUFE
GPS GVSUIFS TUVEZ
ǉǋǐ
ǐǊǉǊ *ńōĿōŅ ŉŃŎĽķĽŉŏ
"OJNBMT 	/Ǌ GPS FBDI DPODFOUSBUJPO
 XFSF JOKFDUFE XJUI DPODFOUSBUJPOT VQ UP UIF JNBHFE DPO
DFOUSBUJPOT WJB UBJM WFJO JOKFDUJPO JOUSBHBTUSJDBM GFFEJOH OFFEMF PS JOUSBQFSJUPOFBM JOKFDUJPO BOE
NPOJUPSFE GPS B QFSJPE PG UXPXFFLT ĉF DPODFOUSBUJPOT QFS LH PG CPEZXFJHIUXFSF ǍǈǈNHLH−ƥ
ǉǍǈǈNHLH−ƥ ǋǈǈǈNHLH−ƥ 	*7
 ǍǈǈNHLH−ƥ ǉǈǈǈNHLH−ƥ ǊǈǈǈNHLH−ƥ 	*1
 ǍǈǈNHLH−ƥ
ǊǍǈǈ NHLH−ƥ ǏǍǈǈ NHLH−ƥ 	(*

ǐǊǉǋ )ĽňŉŃŀŃĻŏ
4BNQMFT XFSF ėYFE JO ǉǈƻ CVĎFSFE GPSNBMJO GPS Ǌǌ IPVST "ěFS ėYBUJPO UIF TBNQMFT XFSF SPV
UJOFMZQSPDFTTFE BOEFNCFEEFE JOUPQBSBđOCMPDLT ǌNJDSPO TFDUJPOTXFSF UIFO DVU BOENPVOUFE
UP QPTJUJWFMZ DIBSHFE TMJEFT ǌ TUFQ TFDUJPOT BU ǍǈNJDSPO JOUFSWBMT XFSF DVU " SPVUJOF IFNBUPYZMJO
BOE FPTJO TUBJOJOH QSPDFEVSF XBT UIFO QFSGPSNFE UP WJTVBMJ[F UIF TMJEFT 4MJEFT XFSF FYBNJOFE
XJUI BO 0MZNQVT #9Ǎǉ.NJDSPTDPQF
ǐǋ 3ĹňŊŀŉň
*O UIJT TUVEZ XF VTFE DPNNFSDJBMMZ BWBJMBCMF IJHI QVSJUZ TJMJDPO QBSUJDMFT XJUI B NFBO EJBNFUFS
PG Ǌ ӉN 	"MGB "FTBS ǑǑǑǑǐǍƻ 4J 'JH ǐǊǉ
 &BDI QBSUJDMF DPOTJTUT PG B OVNCFS PG DSZTUBMMJOF
DPSFT 	∼ ǋǍǈ ON EJBNFUFS BT EFUFSNJOFE CZ 93% BOBMZTJT 'JH ǐǊǊ
 TVSSPVOEFE CZ BNPSQIPVT
TJMJDPO BOE B TJMJDPO PYJEF TIFMM 1BSUJDMFT XFSF FJUIFS VTFE JO UIFJS BTTVQQMJFE DPOEJUJPO PS XFSF
TVSGBDF GVODUJPOBMJ[FEXJUIQPMZFUIZMFOF HMZDPM 	1&(
ĉFDPNQMFY TVSGBDF TUSVDUVSF PG UIF QBSUJ
DMFT 	'JH ǐǋǉ	BC

 SFTVMUT JO B IJHI TVSGBDFUPWPMVNF SBUJP 	ǈǑ NƦH EFUFSNJOFE CZ OJUSPHFO
BETPSQUJPOEFTPSQUJPO JTPUIFSNT
 HJWJOH B MBSHF EFOTJUZ 	∼ ǉǈƥƧ DN−Ʀ
 PG EFGFDUCPVOE FMFD
USPOT 	'JH ǐǊǋ

ǉǋǑ
ǐǋǉ *łŋĽŋŃ ĸĹķĵŏ Ńĺ łŊķŀĹĵŇ ļŏńĹŇńŃŀĵŇĽŐĵŉĽŃł
" DPNQBSJTPO PG Ʀƭ4J TQFDUSB GPS ESZ QBSUJDMFT BOE JOWJWPNFBTVSFNFOUT JO UIF .3* TZTUFN BěFS
B EFQPMBSJ[BUJPO UJNF ӑEFQ  ǋǈ NJO GPMMPXJOH IZQFSQPMBSJ[BUJPO JT TIPXO JO 'JH ǐǋǉ	D
 #PUI
TQFDUSB TIPX B MJOF XJEUI 	GVMM XJEUI BU IBMG NBYJNVN
 PG∼ ǌǈǈ )[ DPOTJTUFOU XJUI UIF EJQPMBS
MJOF XJEUI GPS DSZTUBMMJOF TJMJDPO " TMJHIU BEEJUJPOBM CSPBEFOJOH JT TFFO JO UIF ESZ TBNQMF QSF
TVNBCMZ DPSSFTQPOEJOH UP Ʀƭ4J OVDMFJ DMPTF UP UIF QBSUJDMF TVSGBDF 8F BĨSJCVUF UIF BCTFODF PG UIJT
BEEJUJPOBM CSPBEFOJOH JO UIF JOWJWP DBTF UP OFBSCZ ƥ) OVDMFBS TQJOT JO UIF JOWJWP FOWJSPONFOU
UIBU DBVTF TVSGBDF Ʀƭ4J OVDMFJ UP SFMBY PO UJNFT TDBMFT PG SPVHIMZ 5ƥ PG UIF CPSEFSJOH ƥ) OVDMFJ
'JHVSF ǐǋǉ	E
 TIPXT UIF EFDBZ PG Ʀƭ4J QPMBSJ[BUJPO GPS ESZ BOE JOWJWP QBSUJDMFT VTJOH B WBSJBCMF
ĚJQ BOHMF TFRVFODF GPMMPXJOH B QPMBSJ[BUJPO UJNF ӑQPM  ǉǐ I %FTQJUF UIF EJĎFSFODF JO BCTPMVUF
Ʀƭ4J TJHOBM CFUXFFO UIF UXPNFBTVSFNFOUT UIF DIBSBDUFSJTUJD EFQPMBSJ[BUJPO UJNF5ƥ,EFQ JT BQQSPY
JNBUFMZ UIF TBNF GPS UIF ESZ 	5ƥ,EFQ = ƧƬ± Ʀ NJO
 BOE JOWJWP DBTFT 	5ƥ,EFQ = Ƨƭ± Ƨ NJO
 ĉJT
JT MPOHFS UIBO UIF FOTFNCMFBWFSBHFE SFMBYBUJPO UJNF 5ƥ = Ʀƭ ± Ʃ NJO PG UIF TBNQMF NFBTVSFE
CZ B TBUVSBUJPO SFDPWFSZ NFUIPE BU ǊǑ 5 BOE ǋǈǈ ,
*TPMBUFE EFGFDUT XJUIJO UIF QBSUJDMF DPSF DBO BDU BT MPDBM SFMBYBUJPO TJUFT UIPVHI UIFZNBZ CF JO
FĎFDUJWF GPS %/1 %FQPMBSJ[BUJPONFBTVSFNFOUT GPMMPXJOH%/1 BSF EPNJOBUFE CZ DPOUSJCVUJPOT
GSPN OVDMFJ GBS GSPN MPDBM SFMBYBUJPO QPJOUT HJWJOH B MBSHFS WBMVF PG5ƥ GPS EFQPMBSJ[BUJPO GSPN UIF
IZQFSQPMBSJ[FE TUBUF UIBO GPS QPMBSJ[BUJPO VOEFS #PMU[NBOO DPOEJUJPOT 8F OPUF UIBU NFBTVSFE
EFQPMBSJ[BUJPO UJNFT DPVME CF MFOHUIFOFE CZ JODSFBTJOH UIF QPMBSJ[BUJPO FđDJFODZ PS QPMBSJ[B
UJPO UJNF 	'JH ǐǋǌ
 PS JNQSPWJOH UIF JOUFSOBM DSZTUBM TUSVDUVSF PG UIF QBSUJDMFT 	'JH ǐǋǍ
 #Z
DPNQBSJOH UIF TJHOBM TUSFOHUI UP UIBU PG B DPMPDBUFE Ʀƭ4J QIBOUPN XF FTUJNBUF B Ʀƭ4J OVDMFBS QP
MBSJ[BUJPO PG SPVHIMZ ǉƻ JO UIF JNBHFS 8F BĨSJCVUF UIF EJĎFSFODF JO BCTPMVUF TJHOBM UP TBNQMF MPTT
JO UIF EJMVUJPO BOE JOKFDUJPO QSPDFEVSFT B SFEVDFE DPODFOUSBUJPO PG TJMJDPO QBSUJDMFT XJUIJO UIF
BDUJWF SFHJPO PG UIF DPJM BT XFMM BT B DPOUSJCVUJPO GSPN FOIBODFE TVSGBDF SFMBYBUJPO
ǉǌǈ
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6B;m`2 3XjXR, *?`+i2`BxiBQM Q7 bBHB+QM T`iB+H2bX UV a+?2KiB+ /B;`K b?QrBM; i?2 +QK@
TQmM/ +Q`2@b?2HH bi`m+im`2 Q7 i?2 bBHB+QM T`iB+H2b bm`7+2 7mM+iBQMHBx2/ rBi? #BQ+QKTiB#H2
TQHvK2`bX lM#QM/2/ 2H2+i`QMb Mim`HHv Q++m``BM; i i?2 bBHB+QM@bBHB+QM /BQtB/2 BMi2`7+2 TQ@
H`Bx2 M2`#v ƦƭaB Mm+H2` bTBMb i?`Qm;? .LSX U#V a1J BK;2 Q7 i?2 bBHB+QM T`iB+H2b mb2/ BM
i?Bb 2tT2`BK2MiX U+V ƦƭaB LJ_ bT2+i`mK Q7 ?vT2`TQH`Bx2/ T`iB+H2b `2+Q`/2/ JOWJWP 	SFE
 BOE
ESZ 	CMVF
 BU ǋǈ NJO EFMBZ 	E
 %FDBZ PG Ʀƭ4J OVDMFBS QPMBSJ[BUJPO JO IZQFSQPMBSJ[FE TJMJDPO QBSUJDMFT
SFDPSEFE JOWJWP 	SFE
 BOE ESZ 	CMVF
 #PUI TIPX B DIBSBDUFSJTUJD EFDBZ 5ƥ,EFQ ∼ ƨƤ NJO GPS QPMBSJ[B
UJPO UJNF ӑQPM  ǉǐ I VTJOH B WBSJBCMF ĚJQ BOHMF BDRVJTJUJPO ĉF EJĎFSFODF JO BCTPMVUF TJHOBM JT NBJOMZ
EVF UP SFEVDFE DPODFOUSBUJPO XJUIJO UIF BDUJWF SFHJPO PG UIF DPJM
ǉǌǉ
ǐǋǊ -ŃŌ ŉĹŁńĹŇĵŉŊŇĹ %/1ŁĹĵňŊŇĹŁĹłŉň
ĉF Ʀƭ4J OVDMFBS QPMBSJ[BUJPO XBT NFBTVSFE VOEFS EZOBNJD OVDMFBS QPMBSJ[BUJPO DPOEJUJPOT BU ǊǑ
5 JO UIF QPMBSJ[FS VTJOH B TBUVSBUJPO SFDPWFSZ TFRVFODF " TBEEMF DPJM UIBU DPVME CF UVOFE BDSPTT B
XJEF SBOHF PG UFNQFSBUVSFT XBT VTFE GPS /.3 EFUFDUJPO " USBJO PG ǋǊ IBSE ӍǊ QVMTFT TBUVSBUFE
SFTJEVBM NBHOFUJ[BUJPO BOE UIF TBNQMF XBT BMMPXFE UP QPMBSJ[F GPS B UJNF ӑQPM CFGPSF UIF NBHOF
UJ[BUJPO XBT NFBTVSFE XJUI B TJOHMF ӍǊ QVMTF ĉF BSFB VOEFS UIF 'PVSJFS USBOTGPSNFE QFBL XBT
VTFE BT B NFBTVSF PG UIF OVDMFBS QPMBSJ[BUJPO
ĉFNJDSPXBWF GSFRVFODZ EFQFOEFODF PG Ʀƭ4J EZOBNJD OVDMFBS QPMBSJ[BUJPO NFBTVSFE BU ǋǌ ,
JT TIPXO JO'JH ǐǊǋ	B
 ĉF&43TJHOBMNFBTVSFE BU Ǒ()[BOEǋǌ, JT TIPXO JO'JH ǐǊǋ	C
 BOE
JT QMPĨFE PWFS UIF TBNF SBOHF PG HGBDUPST BT UIF EBUB JO 'JH ǐǊǋ	B
 ĉF Ʀƭ4J OVDMFBS QPMBSJ[BUJPO
TDBMFT QSPQPSUJPOBM UP UIFEFSJWBUJWF PG UIF&43 MJOF∝ (E(E# )XJUI UIF DSPTT PWFS GSFRVFODZCFUXFFO
OFHBUJWF BOE QPTJUJWF OVDMFBS QPMBSJ[BUJPO PDDVSSJOH BU UIF BWFSBHF WBMVF PG UIF FMFDUSPO HGBDUPS PG
UIF TZTUFN 	HǊǈǈǎǍ
 ĉJT JT DPOTJTUFOU XJUI B %/1NFDIBOJTN ESJWFO CZ EJQPMBS JOUFSBDUJPOT
CFUXFFO B EFOTF CBUI PG FMFDUSPO TQJOT <ǉǈǈ>
ĉF UJNF FWPMVUJPO PG UIF Ʀƭ4J OVDMFBS QPMBSJ[BUJPO GPS QBSUJDMFT XJUI BOE XJUIPVU TVSGBDF GVOD
UJPOBMJ[BUJPO XJUI 1&( JT TIPXO JO'JH ǐǋǋ /P TJHOJėDBOU EJĎFSFODF JT PCTFSWFE JO UIF Ʀƭ4J QP
MBSJ[BUJPO SBUF GPS TIPSU UJNF QFSJPET XIFSF UIF QPMBSJ[BUJPO SBUFNBZ CF BĎFDUFE CZ OFBSCZ ƥ)OV
DMFJ XJUIJO UIF 1&(DIBJO ĉJT JT OPU VOFYQFDUFE BT UIF"15&4 MJOLFS DPOUBJOT GFX TQJOGVM OVDMFJ
BOE QSPWJEFT B CVĎFS CFUXFFO UIF QBSUJDMF TVSGBDF BOE UIF ƥ) SJDI 1&( "U UJNFT HSFBUFS UIBO ǋǈ
NJOVUFT UIF Ʀƭ4J QPMBSJ[BUJPO JT EPNJOBUFE CZ OVDMFJ QPMBSJ[FE CZ OVDMFBS TQJO EJĎVTJPO
'JHVSF ǐǋǌ 	B
 TIPXT UIF EFDBZ PG OVDMFBS QPMBSJ[BUJPO NFBTVSFE JO UIF ǌǏ 5 BOJNBM JNBHFS
NFBTVSFE XJUI B WBSJBCMF ĚJQ BOHMF TFRVFODF GPS QPMBSJ[BUJPO UJNFT ӑQPM  ǌ I ǎ I ǉǊ I BOE ǉǐ I
ĉF EBUB JT XFMM ėU CZ B TJOHMF FYQPOFOUJBM BOE UIF EFQPMBSJ[BUJPO UJNF DPOTUBOU 5ƥ,EFQ JT FYUSBDUFE
GPS FBDI DBTF TIPXJOH UIBU UIF EFQPMBSJ[BUJPO UJNF DPOTUBOU JODSFBTFT GPS JODSFBTJOH QPMBSJ[BUJPO
ǉǌǊ
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6B;m`2 3XjXk, 	B
 .JDSPXBWF GSFRVFODZ EFQFOEFODF PG UIF Ʀƭ4J OVDMFBS QPMBSJ[BUJPO BDRVJSFE BU
DPOTUBOU NBHOFUJD ėFME BU ǋǐ , 	C
 &MFDUSPO TQJO SFTPOBODF TJHOBM BT B GVODUJPO PG NBHOFUJD ėFME
BDRVJSFE BU DPOTUBOU NJDSPXBWF GSFRVFODZ BU ǋǐ , #PUI TFUT PG EBUB BSF QMPĨFE PWFS UIF TBNF SBOHF PG
HGBDUPST (PPE BHSFFNFOU JT TFFO CFUXFFO UIF &43 BOE %/1 EFTQJUF UIF EJĎFSFODF JO NBHOFUJD ėFME
BOE NJDSPXBWF GSFRVFODZ GPS UIF NFBTVSFNFOUT
ǉǌǋ
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6B;m`2 3XjXj, 5JNF FWPMVUJPO PG UIF Ʀƭ4J OVDMFBS QPMBSJ[BUJPO VOEFS %/1 DPOEJUJPOT GPS QBSUJDMFT
XJUI BOE XJUIPVU TVSGBDF GVODUJPOBMJ[BUJPO XJUI 1&(ĉF TJHOBM JT OPSNBMJ[FE CZ TBNQMF XFJHIU /P
TJHOJėDBOU EJĎFSFODF JT PCTFSWFE JO UIF Ʀƭ4J QPMBSJ[BUJPO SBUF GPS TIPSU UJNF QFSJPET XIFSF UIF QPMBSJ[B
UJPO SBUF NBZ CF BĎFDUFE CZ OFBSCZ ƥ) OVDMFJ "U UJNFT HSFBUFS UIBO ǋǈ NJOVUFT UIF Ʀƭ4J QPMBSJ[BUJPO JT
EPNJOBUFE CZ OVDMFJ QPMBSJ[FE CZ OVDMFBS TQJO EJĎVTJPO
UJNF ĉJT JT DPOTJTUFOU XJUI B NPEFM PG TQJO EJĎVTJPO MJNJUFE QPMBSJ[BUJPO
ǐǋǋ 4ĽŁŊŀĵŉĽŃł Ńĺ ĸĹńŃŀĵŇĽŐĵŉĽŃł ĵň ĵ ĺŊłķŉĽŃł Ńĺ ńĵŇŉĽķŀĹ ňĽŐĹ
8F OVNFSJDBMMZ NPEFMMFE OVDMFBS TQJO SFMBYBUJPO GSPN B QSFIZQFSQPMBSJ[FE TUBUF GPS QBSUJDMFT
XJUI EJBNFUFST SBOHJOH GSPN Ǎǈ ON UP Ǌ ӉN 	'JH ǐǋǍ
 ĉF NPEFM BTTVNFE UIBU UIF QBSUJDMFT
XFSF TQIFSJDBM XJUI OBUVSBM BCVOEBODF 	ǌǏƻ
 Ʀƭ4J DPODFOUSBUJPO BOE QBSBNBHOFUJD EFGFDUT MP
DBUFE PO UIF TVSGBDF ĉF JOJUJBM QPMBSJ[BUJPO 1(S, U = Ƥ) XBT TFU UP ǉ ƻ VOJGPSNMZ UISPVHIPVU
UIF QBSUJDMF BOE UIF QPMBSJ[BUJPO EFDBZ TJNVMBUFE BT JU SFUVSOFE UP UIF #PMU[NBOO QPMBSJ[BUJPO
BU B EFQPMBSJ[JOH ėFME #EFQ  ǌǏ 5 BOE 5  ǋǈǈ , 8F DPOTJEFSFE B WPMVNF XFJHIUFE ǉ% SBEJBM
NPEFM DPOTJTUJOH PG ǉǈǈ EJTUJODU TQJO QBDLFUTXJUI UIF EFDBZ PG QPMBSJ[BUJPO JO FBDI QBDLFU BU SBEJBM
QPTJUJPO S EFTDSJCFE CZ DPOUSJCVUJPOT GSPN OVDMFBS TQJO EJĎVTJPO BOE EJSFDU SFMBYBUJPO
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6B;m`2 3XjX9, 	B
 %FDBZ PG Ʀƭ4J OVDMFBS IZQFSQPMBSJ[BUJPO JO ESZ QBSUJDMF QIBOUPNT SFDPSEFE JO UIF
JNBHFS GPS QPMBSJ[BUJPO UJNFT PG ǌ ǎ ǉǊ BOE ǉǐ IPVST 	C
 $IBSBDUFSJTUJD Ʀƭ4J EFQPMBSJ[BUJPO UJNF DPO
TUBOUT 	5ƥ,EFQ
 GPS EJĎFSFOU QPMBSJ[BUJPO UJNFT FYUSBDUFE GSPN UIF EFDBZ DVSWFT JO 	B

E1(S, U)
EU
=
(
E1(S, U)
EU
)
EJGG.
+
(
E1(S, U)
EU
)
EJSFDU
. 	ǐǉ

ĉF SBUF PG DIBOHF JO OVDMFBS QPMBSJ[BUJPO GPS B TQBUJBMMZ JOIPNPHFOFPVT EJTUSJCVUJPO PG OVDMFBS
QPMBSJ[BUJPO JT HJWFO CZ
(
E1(S, U)
EU
)
EJGG.
=
Ƨ∑
һ,Ҽ=ƥ
%һҼ( ∂
Ʀ
∂Yһ∂YҼ
)1(S, U), 	ǐǊ

XIFSF %һҼ JT UIF һҼ DPNQPOFOU PG UIF TQJOEJĎVTJPO UFOTPS 8F BTTVNF %һҼ = Ƥ GPS һ (= Ҽ
BOE%ƥ,ƥ = %Ʀ,Ʀ = %Ƨ,Ƨ = %
"T UIF EFQPMBSJ[JOH ėFME JT HSFBUFS UIBO UIF Ʀƭ4J OVDMFBS EJQPMBS ėFME 	ǈǈǐ N5
 UIF OVDMFBS
EJQPMBS TQJO EJĎVTJPO SBUF JT JOEFQFOEFOU PG NBHOFUJD ėFME <ǐǌ> BOE GPS B GBDF DFOUFSFE DVCJD
EJBNPOE MBĨJDF UIF EJĎVTJPO DPOTUBOU JT XFMM EFTDSJCFE CZ % = 8BƦ ∼ BƦ/(ƩƤ5Ʀ) XIFSF
B = Ƥ.ƨƥƨ ON JT UIF BWFSBHF TFQBSBUJPO CFUXFFO OFBSFTUOFJHICPS OVDMFJ 8 JT UIF QSPCBCJMJUZ
PG B ĚJQĚPQ USBOTJUJPO CFUXFFO OVDMFJ EVF UP EJQPMFEJQPMF JOUFSBDUJPO BOE 5Ʀ = ƥƤ NT JT UIF
ǉǌǍ
OVDMFBS EFDPIFSFODF UJNF <ǉǈǈ> %VF UP TUSPOH HSBEJFOUT JO UIF OVDMFBS -BSNPS GSFRVFODZ WFSZ
DMPTF UP FBDI QBSBNBHOFUJD JNQVSJUZ OVDMFBS TQJO EJĎVTJPO JT TVQQSFTTFE 	% = Ƥ
 DSFBUJOH B CBS
SJFS UP EJĎVTJPO PG SBEJVT C = B(!ҽƦF#EFQ/ҽOƦL#5)ƥ/ƨ <ǉǈǈ> )FSF ҽO BOE ҽF BSF UIF OVDMFBS BOE
FMFDUSPOJD HZSPNBHOFUJD SBUJPT ! JT UIF 1MBODL DPOTUBOU BOE L# UIF #PMU[NBOO DPOTUBOU
ĉF DPOUSJCVUJPO GSPN EJSFDU SFMBYBUJPO PG UIF OVDMFBS TQJOT CZ UIF TVSGBDF FMFDUSPOT JT HJWFO CZ
(
E1(S, U)
EU
)
EJSFDU
=
1Ƥ − 1(S, U)
5ƥO,EJSFDU(S)
, 	ǐǋ

XIFSF
5ƥO,EJSFDU(S)−ƥ =
,
|3− S|ƪ 	ǐǌ

)FSF |3 − S| JT UIF EJTUBODF PG UIF OVDMFBS TQJO QBDLFU GSPN UIF QBSUJDMF TVSGBDF BOE , UIF
TUSFOHUI PG UIF JOUFSBDUJPO CFUXFFO OVDMFBS BOE FMFDUSPO TQJOT
8F IBWF QSFWJPVTMZ EFUFSNJOFE UIBU B NPEFM PG OVDMFBS SFMBYBUJPO BU UIF QBSUJDMF TVSGBDF UIBU
JODMVEFT UISFFTQJO QSPDFTTFT JOWPMWJOH QBJST PG JOUFSBDUJOH FMFDUSPOT CFTU EFTDSJCFT UIF OVDMFBS
TQJO EZOBNJDT JO QBSUJDMFT TJNJMBS UP UIFTF <ǊǈǑ> ĉJT NPEFM HJWFT
, = Ƨ
ƥƤ
!ƦҽƦF
#ƦEFQ
#ƦEFQҽƦO5ƦF
ƥ+ #ƦEFQҽƦO5ƦƦF
∫ ∞
−∞
H(ӗ)H(ӗ− ӗO)
H(Ƥ)
Eӗ 	ǐǍ

XIFSF 5ƦF  ǈǈǊǍ ӉT JT UIF FMFDUSPO TQJOTQJO DPVQMJOH BOE H(ӗ) JT UIF OPSNBMJ[FE FMFDUSPO BC
TPSQUJPO MJOFTIBQF GVODUJPO <ǑǊ ǉǍǉ>
ĉJTNPEFM BDDPVOUT GPS ĚJQĚPQ USBOTJUJPOT CFUXFFO OFBSCZ FMFDUSPO QBJST PDDVSSJOH PO B UJNF
TDBMF 5ƦF + 5ƥF XIJDI QSPWJEF UIF ĚVDUVBUJOH NBHOFUJD ėFME UIBU DBO ĚJQ OVDMFBS TQJOT 'PS B
-PSFOU[JBO FMFDUSPO TQJO SFTPOBODF MJOFTIBQF UIF JOUFHSBM JO 	Ǎ
 XIJDI EFTDSJCFT UIF QSPCBCJMJUZ
PG ėOEJOH UXP FMFDUSPOT XJUIJO UIF &43 MJOF EJĎFSJOH JO GSFRVFODZ CZ ӗO DBO CF SFQMBDFE XJUI UIF
GVODUJPO Ʀ/(ƨ+ ӗƦO5ƦƦF)
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6B;m`2 3XjX8, ĉFPSFUJDBM QMPU PG UIF OVDMFBS EFQPMBSJ[BUJPO UJNF DPOTUBOU 5ƥ,EFQ BT B GVODUJPO PG
QBSUJDMF TJ[F BU ǌǏ 5 BOE ǋǈǈ ,ĉF TJNVMBUJPOT BTTVNF B QVSFMZ DSZTUBMMJOF TQIFSJDBM QBSUJDMF XJUI
FMFDUSPOJD EFGFDUT MPDBUFE PO UIF QBSUJDMF TVSGBDF UIBU DBVTF SFMBYBUJPO ĉF NFBTVSFE SPPN UFNQFSB
UVSF 5ƥ PG UIF TBNQMF JT BMTP TIPXO
ĉF BWFSBHF QBSUJDMF TJ[F BOE NFBTVSFE SPPN UFNQFSBUVSF 5ƥ PG UIF TBNQMF VTFE JO UIJT TUVEZ
JT BMTP QMPĨFE JO 'JH ǐǋǍ ĉF NFBTVSFE WBMVF PG 5ƥ JT TJHOJėDBOUMZ MPXFS UIBO XIBU XPVME CF
FYQFDUFE GPS B QBSUJDMF XJUI EJBNFUFS PG Ǌ ӉN IPXFWFS UIF TJNVMBUFE WBMVF PG 5ƥ,EFQ BHSFFT XFMM
XJUI UIF ǋǍǈ ON BWFSBHF DSZTUBMMJUF TJ[F GPVOE CZ 93% BOBMZTJT *U TIPVME CF QPTTJCMF UP SFEVDF
UIF BDUVBM QBSUJDMF TJ[F EPXO UP UIF DSZTUBMMJUF TJ[F XJUIPVU TJHOJėDBOUMZ DIBOHJOH UIF OVDMFBS TQJO
EZOBNJDT SFQPSUFE JO UIJT TUVEZ "MUFSOBUJWFMZ UIF BCJMJUZ UP NBOVGBDUVSF BOE QPMBSJ[F MBSHF DSZT
UBMMJOF QBSUJDMFT DPVME MFBE UP EFQPMBSJ[BUJPO UJNFT PG NBOZ IPVST PS FWFO EBZT
ǐǋǌ *ŁĵĻĽłĻ ŌĽłĸŃŌ ĵłĸ ķŃłķĹłŉŇĵŉĽŃł ńļĵłŉŃŁň
5PFTUBCMJTI BQSBDUJDBM UJNFXJOEPX GPSPCUBJOJOHIZQFSQPMBSJ[FE.3* JNBHFTXF JNBHFEBNJMMJNFUFS
TDBMFQIBOUPNDPOTUSVDUFE GSPNQJYFMT PG ESZ TJMJDPOQBSUJDMFT TFQBSBUFECZ UFĚPO TQBDFST 	'JH ǐǋǎ
ǉǌǏ
	B

 *NBHFT XFSF SFDPSEFE ǈ ǋǈ ǎǈ BOE Ǒǈ NJO BěFS QMBDJOH UIF QIBOUPN JO UIF .3* JNBHFS
VTJOH TFQBSBUF QPMBSJ[BUJPOT GPS FBDI UJNF JOUFSWBM ĉF QIBOUPN JNBHF JT DMFBSMZ WJTJCMF BU ӑEFQ 
ǈ ǋǈ BOE ǎǈ NJO GPS B TJOHMF BWFSBHF XJUI B TJHOBM UP OPJTF SBUJP 	4/3
 HSFBUFS UIBO ǉǊ "ěFS Ǒǈ
NJO POMZ UIF UPQ ǋ QJYFMT BSF WJTJCMF 	4/3  ǋ
 QSPCBCMZ EVF UP B WBSJBUJPO JO QPMBSJ[BUJPO BDSPTT
UIF TBNQMF SFTVMUJOH GSPN BO VOFWFO NJDSPXBWF ėFME EJTUSJCVUJPO JO UIF QPMBSJ[FS
'JHVSF ǐǋǎ	C
 TIPXT UIF DPODFOUSBUJPO TFOTJUJWJUZ GPS UIF IZQFSQPMBSJ[FE QBSUJDMFT ĉF JN
BHFT BSF PG ǊǍǈ Ӊ- DZMJOESJDBM QIBOUPNT DPOUBJOJOH CFUXFFO ǎǎ BOE Ǎ NHN- PG TJMJDPO QBSUJDMFT
EJTQFSTFE JO FUIBOPM " TFOTJUJWJUZ MJNJU JT TFU CZ UIF TJMJDPO QBSUJDMF DPODFOUSBUJPO JO UIF PVUFS UXP
DPMVNOT PG UIF MFBTU DPODFOUSBUFE TBNQMF "TTVNJOH B VOJGPSNEJTUSJCVUJPO PG QBSUJDMFTXJUIJO UIF
QIBOUPNBOE UBLJOH JOUP BDDPVOU UIF DZMJOESJDBM QSPKFDUJPO POUP UIF QMBOF UIJT FRVBUFT UP B WJTJCMF
TJOHMF QJYFM DPODFOUSBUJPO PG∼ǉǈ ӉH PG IZQFSQPMBSJ[FE TJMJDPO QBSUJDMFT QFS QJYFM 'PS B QBSUJDMF
EJBNFUFS PG Ǌ ӉN XF FTUJNBUF BO BCTPMVUF TFOTJUJWJUZ PG∼ Ʃ Y ƥƤƩ JOEJWJEVBM QBSUJDMFTQJYFM PS B
NPMBS TFOTJUJWJUZ PG∼ ƨ.Ʀ Y ƥƤ−ƥƧNPM- BU B EFQUI PG ǉ DN GSPN UIF GBDF PG UIF JNBHJOH DPJM ĉJT
JT DPNQBSBCMF JO TFOTJUJWJUZ XJUI PUIFS SFQPSUFE QBSBNBHOFUJD.3* OBOPQBSUJDMF BHFOUT <Ǌǉǎ> BOE
ƥƭ' MBCFMMFE DFMMT <ǊǉǏ>
ǐǋǍ *ńōĿōŅ ňŉŊĸĽĹň
8F IBWF DBSSJFE PVU B OVNCFS PG JOWJWP JNBHJOH TUVEJFT UP EFNPOTUSBUF B SBOHF PG QPUFOUJBM BQQMJ
DBUJPOT GPS IZQFSQPMBSJ[FE TJMJDPO QBSUJDMFT
ǐǋǍǉ (ĵňŉŇŃĽłŉĹňŉĽłĵŀ ĽŁĵĻĽłĻ
'JHVSF ǐǋǏ TIPXT DPSFHJTUFSFE ƥ)Ʀƭ4J JNBHFT PG IZQFSQPMBSJ[FE TJMJDPO QBSUJDMFT JOKFDUFE WJB B
DBUIFUFS JOUP UIF HBTUSPJOUFTUJOBM 	(*
 USBDU PG B NPVTF *NNFEJBUFMZ GPMMPXJOH UIF JOKFDUJPO 	
ǉ NJO
 UIF JNBHF TIPXT UIF QBSUJDMFT BDDVNVMBUJOH JO UIF TUPNBDI BOE UIF EVPEFOVN "ěFS ǋǈ
NJO UIF QBSUJDMFT BQQFBS UP IBWF NPWFE GVSUIFS JOUP UIF TNBMM JOUFTUJOF PG UIF BOJNBM SFWFBMJOH B
NPSF EFUBJMFE TUSVDUVSF PG UIF TNBMM JOUFTUJOF %FMJWFSZ JOUP UIF JOUSBQFSJUPOFBM 	*1
 DBWJUZ SFWFBMT
ǉǌǐ
01
0
4
0
22
0
220 min
30 min
60 min
90 min
1 cm
1 cm
1 cm
1 cm
(a)
(b)
(c)
(d)
0
1
0
1
0
1
0
2.5
(e)
(f )
(g)
(h)
1 cm
1 cm
1 cm
1 cm
66 mg/mL
46 mg/mL
18 mg/mL
5 mg/mL
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(a)
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66 g/L 46 g/L 18 g/L 5 g/L
(b)
66 mg/mL 46 mg/mL 18 mg/mL 5 mg/mL0
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6B;m`2 3XjXe, 1IBOUPN *NBHJOH 	B
 Ʀƭ4J .3* PG B QJYFMBUFE QIBOUPN DPOUBJOJOH TJMJDPO QBSUJDMFT
	∼ ǉǍ NH JO FBDI QJYFM
 XJUI B EFMBZ PG ǈ ǋǈ ǎǈ BOE Ǒǈ NJO GSPN XIFO UIF QIBOUPN XBT MPBEFE JOUP
UIF NBHOFU VOUJM JNBHJOH 	C
 *NBHJOH PG B DZMJOESJDBM DPODFOUSBUJPO QIBOUPN TIPXJOH JNBHJOH PG
TPMVUJPO QIBOUPNT XJUI QBSUJDMF DPODFOUSBUJPOT PG ǎǎ NHN- ǌǎ NHN- ǉǐ NHN- BOE Ǎ NHN-
*NBHFT IBWF CFFO DSPQQFE GSPN ǌǈ NN UP ǉǍ NN JO UIF IPSJ[POUBM EJNFOTJPO BěFS QSPDFTTJOH
ǉǌǑ
a b
0 min 30 min
0.3
1.6
0.4
5
6B;m`2 3XjXd, ƦƭaB J_A Q7 ?vT2`TQH`Bx2/ bBHB+QM T`iB+H2b /KBMBbi2`2/ BMi`;bi`BHHvX AK@
K2/Bi2Hv 7i2` BMD2+iBQM i?2 T`iB+H2b `2 +QM+2Mi`i2/ BM i?2 biQK+? M/ /mQ/2MmK Q7 i?2
MBKHX 7i2` jy KBM i?2 T`iB+H2b ?p2 KQp2/ 7m`i?2` BMiQ i?2 bKHH BMi2biBM2- `2p2HBM; /2@
iBH2/ bi`m+im`2 Q7 i?2 mTT2` ;bi`QBMi2biBMH i`+iX
EFUBJMFE FYUFSOBM TUSVDUVSF PG UIF (* USBDU JNBHFE PWFS ǌǈ NJO 	'JH ǐǋǐ

%JBHOPTUJD JNBHJOH PG UIF TNBMM JOUFTUJOF JT OPUPSJPVTMZ EJđDVMU BT JU JT JOBDDFTTJCMF UP USBEJ
UJPOBM FOEPTDPQJD UFDIOJRVFT $VSSFOU OPOJOWBTJWF (* JNBHJOH UFDIOJRVFT VTJOH DPNQVUFSJ[FE
UPNPHSBQIZ 	$5
 PS ƥ) .3* XJUI B DPNCJOBUJPO PG QPTJUJWF BOE OFHBUJWF DPOUSBTU BHFOUT EF
MJWFSFE JOUSBWFOPVTMZ BOE JOUSBHBTUSJDBMMZ GPS EFMJOFBUJOH JOUFSOBM TUSVDUVSF <Ǌǉǐ> 'PS .3* UIF
DPNQMFY BJSUJTTVF JOUFSGBDFT PG UIF (* SFHJPO DBVTF TVTDFQUJCJMJUZ HSBEJFOUT UIBU EPNJOBUF PWFS
UIF DIBOHF JO TJHOBM JOEVDFE CZ UIF QBSBNBHOFUJD BHFOU 4JMJDPO IBT CFFO TUVEJFE BT B OVUSJUJPOBM
TVQQMFNFOU <ǊǉǑ ǊǊǈ> BOE JT B DPNNPO GPPE BEEJUJWF 	VQ UP DPODFOUSBUJPOT PG Ǌƻ
 JO JUT PY
JEF GPSN <ǊǊǌ> )ZCSJE HPMETJMJDPO OBOPQBSUJDMFT BSF DVSSFOUMZ VOEFS JOWFTUJHBUJPO BT UBSHFUFE
DPMPSFDUBM PQUJDBM JNBHJOH BHFOUT BOE TIPX OP FWJEFODF PG UPYJDJUZ <ǊǊǍ> )ZQFSQPMBSJ[FE TJMJDPO
QBSUJDMFT BQQFBS XFMM TVJUFE GPS TUSVDUVSBM BOE UBSHFUFE JNBHJOH PG (* EJTFBTF CZ.3*
ǉǍǈ
a b c
0 min 20 min 40 min 0.4
1
0.40.4
7 3
0.4
0.8
0 min 2 min 0.3
0.8
1 min 0.3
0.8d e f6B;m`2 3XjX3, ƦƭaB J_A Q7 ?vT2`TQH`Bx2/ bBHB+QM T`iB+H2b BMD2+i2/ BMi`T2`BiQM2HHvX h?2;`22M +B`+H2 b?Qrb i?2 TT`QtBKi2 HQ+iBQM Q7 i?2 +i?2i2` BM i?2 MBKHX h?2 T`iB+H2b +Qi
i?2 QmibB/2 Q7 i?2 biQK+? M/ ;bi`QBMi2biBMH i`+i- KQpBM; iQ i?2 +2Mi2` Q7 i?2 MBKH
Qp2` HQM;2` iBK2 T2`BQ/bX
ǐǋǍǊ *łŉŇĵŋĹłŃŊň ĽŁĵĻĽłĻ
'PS QBSUJDMFT BENJOJTUFSFE JOUSBWFOPVTMZ 	*7
 WJB B UBJM WFJO DBUIFUFS 	'JH ǐǋǑ
 UIF WFOB DBWB JT
WJTJCMF JNNFEJBUFMZ BěFS JOKFDUJPO BOE DPOUJOVFT UP CF WJTJCMF POF BOE UXPNJOVUFT MBUFS ĉF1&(
DIBJO VTFE UP GVODUJPOBMJ[F UIF QBSUJDMFT XBT DIPTFO BT JU JT LOPXO UP FOIBODF UIF DJSDVMBUJPO PG
TJNJMBSMZ TJ[FE QBSUJDMFT <ǉǏǈ> ĉF IJHI DPODFOUSBUJPO PG QBSUJDMFT DBSSJFE JO UIF WFOB DBWB BOE
UIF QSPYJNJUZ PG UIF WFOB DBWB UP UIF JNBHJOH DPJM SFTVMUT JO UIJT TJHOBM EPNJOBUJOH PWFS TJHOBMT
GSPN PUIFS BSFBT JO UIF BOJNBM "ěFS UXP NJOVUFT TPNF QBSUJDMF BDDVNVMBUJPO JT PCTFSWFE JO UIF
PSHBOT PG UIF NPOPOVDMFBS QIBHPDZUF TZTUFN 	.14
 DPOTJTUFOU XJUI BDDVNVMBUJPO QBĨFSOT PG
TJNJMBS TJ[FE NBUFSJBMT JNBHFE PQUJDBMMZ <ǋǑ>
ǐǋǍǋ 1ĹŇĺŊňĽŃł ĽŁĵĻĽłĻ Ľł ĵ ńŇŃňŉĵŉĹ ŉŊŁŃŇ ŁŃĸĹŀ
"T BQSFMJNJOBSZ EFNPOTUSBUJPOPG QFSGVTJPO JNBHJOHXJUI IZQFSQPMBSJ[FE TJMJDPO.3*XF BENJO
JTUFSFE IZQFSQPMBSJ[FE TJMJDPO QBSUJDMFT JOUP UIF QSPTUBUF UVNPS PG B 53BOTHFOJD "EFOPDBSDJOPNB
PG .PVTF 1SPTUBUF 	5Ć.1
 NPVTF 	'JH ǐǋǉǈ
 ĉF QBSUJDMFT VTFE JO UIJT TUVEZ BSF UPP MBSHF
UP FOUFS UIF DFMMVMBS TUSVDUVSF PG UIF UVNPS IPXFWFS UIFZ BDDVSBUFMZ NBQ UIF CMPPE WFTTFM NJ
DSPTUSVDUVSF JOTJEF UIF UVNPS BT XFMM BT UIF EJSFDUJPO PG CMPPE ĚPXXJUIJO UIF UVNPS *OJUJBMMZ UIF
ǉǍǉ
a b c
0 min 20 min 40 min 0.4
1
0.40.4
7 3
0.4
0.8
0 min 2 min 0.3
0.8
1 min 0.3
0.8a b c
6B;m`2 3XjXN, ƦƭaB J_A Q7 ?vT2`TQH`Bx2/ bBHB+QM T`iB+H2b BMD2+i2/ BMi`pb+mH`Hv pB  iBH
p2BM +i?2i2`X h?2 p2M +p Bb pBbB#H2 BKK2/Bi2Hv 7i2` BMD2+iBQMX AK;2b iF2M QM2 KBMmi2
M/ irQ KBMmi2b 7i2` i?2 BMD2+iBQM b?Qr T`iB+H2 ++mKmHiBQM BM i?2 TQ`iH p2BMb M/ HBp2`
M/ bTH22MX
Ʀƭ4J .3* TIPXT BDDVNVMBUJPO BU UIF MPXFS SJHIU RVBESBOU PG UIF UVNPS XIJMF MBUFS JNBHFT TIPX
B IJHIFS DPODFOUSBUJPO JO UIF VQQFS SJHIU RVBESBOU ĉFSF XBT MJĨMF Ʀƭ4J TJHOBM PCTFSWFE PO UIF
MFě TJEF PG UIF UVNPS BU BOZ JNBHJOH UJNF TVHHFTUJOH BO BSFB PG OFDSPTJT ĉJT PCTFSWBUJPO XBT
DPOėSNFE WJTVBMMZ QPTUNPSUFN
ǐǋǎ *ńōĿōŅ ŉŃŎĽķĽŉŏ
" LFZ BEWBOUBHF PG IZQFSQPMBSJ[FE Ʀƭ4J.3* JT CJPDPNQBUJCJMJUZ 4JMJDB JT GSFRVFOUMZ VTFE BT B CJP
DPNQBUJCMF DPBUJOH GPS PUIFS OBOPTDBMF QSPCFT <ǊǊǎ ǊǊǏ> BOE TFWFSBM TUVEJFT IBWF SFQPSUFE OFH
MJHJCMF UPYJDJUZ PG TJMJDPO QBSUJDMFT <ǋǑ ǊǊǍ> *O UIFTF JOWFTUJHBUJPOT UIF DMFBSBODF NFDIBOJTN IBT
CFFO BĨSJCVUFE UP EFHSBEBUJPO PG TJMJDPO BOE TJMJDB JOUP TPMVCMF TJMJDJD BDJE GPMMPXFE CZ FYDSFUJPO
XJUIJO B GFX EBZT 0VS QSFMJNJOBSZ TUVEZ PG JOWJWP UPYJDJUZ PG UIFTF QBSUJDMFT VQ UP UIF JNBHJOH
DPODFOUSBUJPOT TIPX OP EFDSFBTF JO BOJNBM WJBCJMJUZ PWFS B UXP XFFL QFSJPE GPS QBSUJDMFT BENJOJT
UFSFE WJB (* *1 PS *7 SPVUFT $PNQBSJTPO PG .14 PSHBO UJTTVF TFDUJPOT CFUXFFO UIPTF IBSWFTUFE
UISFF IPVST BěFS *7 BENJOJTUSBUJPO BOE UXP XFFLT 	'JH ǐǋǉǉ
 TIPX UIBU UIFTF TJMJDPO QBSUJDMFT
BQQFBS UP CF FđDJFOUMZ DMFBSFE XJUIJO UIF UXP XFFL QFSJPE
ǉǍǊ
0 min 10 min 20 min0.3 0.3 0.3
0.50.71.5a b c
6B;m`2 3XjXRy, S2`7mbBQM BK;BM; mbBM; ƦƭaB J_A Q7 ?vT2`TQH`Bx2/ bBHB+QM T`iB+H2bXƦƭaB J_A
Q7 ?vT2`TQH`Bx2/ bBHB+QM T`iB+H2b BMD2+i2/ BMiQ i?2 imKQ` Q7  T`Qbii2 +M+2` Uh_JSV
MBKHX h?2 ;`22M +B`+H2 b?Qrb i?2 TT`QtBKi2 HQ+iBQM Q7 i?2 +i?2i2` BM i?2 imKQ`X aBHB+QM
T`iB+H2b `2 KQ`2 +QM+2Mi`i2/ QM i?2 HQr2` `B;?i bB/2 Q7 i?2 imKQ`X i Ry M/ ky KBM- i?2
bBHB+QM T`iB+H2b `2 KQ`2 +QM+2Mi`i2/ BM i?2 mTT2` `B;?i bB/2 Q7 i?2 imKQ` BM/B+iBM; i?2
`2 Q7 #HQQ/ ~Qr 7`QK i?2 imKQ`X h?2 bB;MH /2+vb bB;MB}+MiHv 7bi2` i?M 7Q` i?2 :A Q`
AS BMD2+iBQM- BM/B+iBM; i?i i?2 T`iB+H2b `2 2Mi2`BM; i?2 #HQQ/ bi`2K Q7 i?2 MBKHX
Kidney Liver
3 h 
2 weeks
100 μm
100 μm
100 μm
100 μm
6B;m`2 3XjXRR, 3FQSFTFOUBUJWF TFDUJPOT PG LJEOFZ BOE MJWFS UJTTVF DPMMFDUFE GSPNNJDF UISFF IPVST
BOE UXP XFFLT BěFS JOUSBWFOPVT JOKFDUJPO PG TJMJDPO QBSUJDMFT 0SHBOT XFSF TUBJOFE XJUI IBFNBUPYZMJO
BOE FPTJO 4JMJDPO QBSUJDMFT XFSF PCTFSWBCMF JO CPUI UIF MJWFS BOE LJEOFZ TBNQMFT DPMMFDUFE UISFF IPVST
BěFS EFMJWFSZ 	BSSPXT
 CVU OPU JO BOZ PG UIF TBNQMFT DPMMFDUFE UXP XFFLT BěFS EFMJWFSZ ĉF TDBMF CBS JT
ǉǈǈ ӉN GPS BMM JNBHFT
ǉǍǋ
ǐǌ $ŃłķŀŊňĽŃł
4FWFSBM PSEFST PGNBHOJUVEF JNQSPWFNFOU JO UIF DPODFOUSBUJPO UISFTIPME BOE JNBHJOH UJNFGSBNF
QSFTFOUFEIFSF BSFQPTTJCMF &MJNJOBUJOH JTPMBUFEEFGFDUT JO UIF JOUFSOBM DSZTUBM TUSVDUVSF BOEDIFN
JDBMMZ FOIBODJOH UIF TVSGBDF EFGFDU EFOTJUZ XPVME SFTVMU JO NPSF FđDJFOU QPMBSJ[BUJPO BOE TJHOJė
DBOUMZ MPOHFS EFQPMBSJ[BUJPO UJNFT ĉF IZQFSQPMBSJ[BUJPONFDIBOJTN WJB TVSGBDF EFGFDUT JT BQQMJ
DBCMF UP TJMJDPO QBSUJDMFT PG BOZ TJ[F XJUI UIF JNBHJOH XJOEPX VMUJNBUFMZ TFU CZ UIF QPMBSJ[BUJPO
UJNF BOE UIF EJTUBODF UIF OVDMFBS TQJO IZQFSQPMBSJ[BUJPO IBT UP EJĎVTF UP SFMBY 1SFWJPVT TUVE
JFT <ǉǋǐ> JOEJDBUF UIBU UIF IZQFSQPMBSJ[BUJPO UJNFT PCTFSWFE IFSF 	∼ ǌǈ NJO
 EP OPU EFDSFBTF
TJHOJėDBOUMZ BT QBSUJDMF TJ[F JT SFEVDFE CZ BO PSEFS PG NBHOJUVEF CFMPX UIPTF VTFE JO UIJT TUVEZ
#FDBVTF UIF UJNF TDBMF GPS EFQPMBSJ[BUJPO EPFT OPU EFQFOE PO TVSGBDF GVODUJPOBMJ[BUJPO UBS
HFUJOH TUSBUFHJFT EFWFMPQFE GPS TJMJDB DPBUFE OBOPWFDUPST DBO CF BQQMJFE UP QBSUJDMFT PQUJNJ[FE GPS
IZQFSQPMBSJ[FE Ʀƭ4J .3* 4VSGBDF EPQJOH NBZ BMMPX GPS FYUSFNFMZ MBSHF OVDMFBS QPMBSJ[BUJPOT UP
CF HFOFSBUFE <ǐǈ ǉǈǐ> UISPVHI DPNCJOFE PQUJDBMNJDSPXBWF UFDIOJRVFT "EEJUJPOBMMZ BT UIF
5ƥ UJNFT BSF BU MFBTU UXP PSEFS PG NBHOJUVEF MPOHFS UIBO UIPTF PG IZQFSQPMBSJ[FE ƥƧ$<ǎǉ> BOE
ƥƦƭ9F<ǎǏ> JU NBZ CF QPTTJCMF UP VTF UIF OVDMFBS IZQFSQPMBSJ[BUJPO XJUIJO UIF QBSUJDMFT UP TUPSF
QPMBSJ[BUJPO 	BT B CBĨFSZ
 UIFO USBOTGFSSJOH QPMBSJ[BUJPO UP SFBEPVU OVDMFJ XJUI IJHIFS HZSPNBH
OFUJD SBUJP WJB FTUBCMJTIFE DSPTTQPMBSJ[BUJPO UFDIOJRVFT
*O TVNNBSZ XF IBWF EFNPOTUSBUFE JOWJWP JNBHJOH PG IZQFSQPMBSJ[FE TJMJDPO QBSUJDMFT CZ.3*
BOE JOWFTUJHBUFE B SBOHF PG QPUFOUJBM BQQMJDBUJPOT #Z DIPPTJOH QBSUJDMFT XJUI B DSZTUBMMJOF 4J DPSF
QSPUFDUFE B TVSGBDF PYJEF UIF QPMBSJ[BUJPO HFOFSBUFE JO UIF QBSUJDMFT JT VOBĎFDUFE CZ UIF JOWJWP FO
WJSPONFOU PS QBSUJDMF UVNCMJOH .BHOFUJD SFTPOBODF PĎFST OPU POMZ UIF QPTTJCJMJUZ PG TUSVDUVSBM
JNBHJOH CVU BMTP BMTP GVODUJPOBM JNBHJOHPG ĚPX QBSUJDMF CJOEJOH PS UIF MPDBM FOWJSPONFOU UISPVHI
TVSGBDF GVODUJPOBMJ[BUJPO ĉF MBDL PG JOWJWP Ʀƭ4J CBDLHSPVOE TJHOBM IBT UIF QPUFOUJBM GPS RVBOUJė
DBUJPO PG UIF Ʀƭ4J NBHOFUJD SFTPOBODF MBCFM PQFOJOH VQ UIF QPTTJCJMJUZ UP USBDL UIF QBSUJDMF CJPEJT
USJCVUJPO TZTUFNBUJDBMMZ BOBMPHPVT UP UIF VTF PG OVDMFBS USBDFST
ǉǍǌ
"ķĿłŃŌŀĹĸĻĹŁĹłŉň
ĉJT SFTFBSDI JT TVQQPSUFECZ UIF/*)	ǉ3Ǌǉ$"ǉǉǐǍǈǑ ǉ3ǈǉ/4ǈǌǐǍǐǑ
 UIF/$*	Ǎ3ǈǉ$"ǉǊǊǍǉǋ

UIF5PCBDDP3FMBUFE%JTFBTF 3FTFBSDI 1SPHSBN 	ǉǎ,5ǈǈǌǌ
 /4'#*4) 	$#&5ǈǑǋǋǈǉǍ
 BOE
UIF/4' UISPVHI UIF)BSWBSE/4&$.$$ BDLOPXMFEHFT ėOBODJBM TVQQPSU GSPN UIF 3(.FO
[JFT 'PVOEBUJPO 8F UIBOL - 8 +POFT GPS UIF HFOFSPVT HJě PG UIF 5Ć.1NPVTF / ;BDIBSJBT
GPS BTTJTUBODF XJUI IJTUPMPHZ . -FF - 3PCFSUTPO BOE # % "SNTUSPOH GPS BTTJTUBODF XJUI UIF
JOJUJBM TUBHFT PG UIF FYQFSJNFOU BOE - 8 +POFT $ 3BNBOBUIBO BOE 3 8 .BJS GPS NBOZ IFMQGVM
EJTDVTTJPOT
ǉǍǍ
9
"EEJUJPOBM 3FTVMUT
ĉJT DIBQUFS DPOUBJOT B OVNCFS PG TNBMM JOWFTUJHBUJPOT JOUP UIF OVDMFBS TQJO EZOBNJDT PG TJMJDPO
NJDSP BOE OBOPQBSUJDMFT UIBU NBZ CF PG JOUFSFTU UP UIF SFBEFS
ǉǍǎ
Ǒǉ 0ńŉĽķĵŀĹĺĺĹķŉňŃłŇŃŃŁŉĹŁńĹŇĵŉŊŇĹ5ƥ ĽłňĽŀĽķŃłŁĽķŇŃĵłĸłĵłŃńĵŇ
ŉĽķŀĹň
Ǒǉǉ *łŉŇŃĸŊķŉĽŃł
6OEPQFE TFNJDPOEVDUPST TVDI BT TJMJDPO UZQJDBMMZ IBWF TNBMM DPODFOUSBUJPOT PG UIFSNBMMZ BDUJ
WBUFE DBSSJFST BU SPPN UFNQFSBUVSF PO PSEFS ƥƤƥƤ DN−Ƨ BU ǋǈǈ , <ǐǏ> )PXFWFS JMMVNJOBUJPO
XJUI MJHIU PG FOFSHZ BCPWF UIF TFNJDPOEVDUJOH CBOEHBQ HFOFSBUFT DBSSJFS QBJST DMPTF UP UIF TJMJ
DPO TVSGBDF ĉFTF FMFDUSPOT BOE IPMFT QPTTFTT B OPO[FSP TQJO BOE DBO UIFSFGPSF JOUFSBDU XJUI
UIF Ʀƭ4J OVDMFBS TQJOT XJUIJO UIF MBĨJDF CZ B DPOUBDU IZQFSėOF JOUFSBDUJPO ĉJT DPOUBDU IZQFSėOF
JOUFSBDUJPO DBO ESJWF CPUI OVDMFBS QPMBSJ[BUJPO BOE SFMBYBUJPO BOE VOEFSTUBOEJOH JUT FĎFDU PO EJG
GFSFOU TJ[FE QBSUJDMFT JT JNQPSUBOU GPS QSFTFSWJOH OVDMFBS IZQFSQPMBSJ[BUJPO JO TBNQMFT UIBU USBOTJU
UISPVHI B XIJUFMJHIU FOWJSPONFOU
ǑǉǊ 4ĵŁńŀĹň ĵłĸ ĹŎńĹŇĽŁĹłŉĵŀ ŁĹŉļŃĸň
'PVS TBNQMFT PG TJMJDPO QBSUJDMFT XFSF JOWFTUJHBUFE 4BNQMF " XBT DPNQPTFE PG∼ Ʃ ӉN EJBNFUFS
QBSUJDMFT QSPEVDFE CZ CBMMNJMMJOH VOEPQFE ĚPBU[POF HSPXO 4J XBGFST 	4JMJDPO 2VFTU *OUFSOB
UJPOBM
 BOE TJ[FTFQBSBUFE CZ DFOUSJGVHBM TFEJNFOUBUJPO <ǉǋǐ> 4BNQMF # DPOTJTUFE PG DPNNFS
DJBMMZ TPVSDFE QPMZDSZTUBMMJOF TJMJDPO QBSUJDMFT PG EJBNFUFS ∼ Ʀ ӉN 4BNQMFT $ BOE % DPOTJTUFE
PG DSZTUBMMJOF QBSUJDMFT PG EJBNFUFS∼ ƥƤ ON 	$
 BOE∼ ƦƤ ON 	%
 QSPEVDFE CZ XFU TZOUIFTJT BT
EFTDSJCFE JO $IBQUFS ǎ
3PPN UFNQFSBUVSF /.3 FYQFSJNFOUT XFSF QFSGPSNFE BU ǋǈǈ , JO B ǊǑ 5 TVQFSDPOEVDUJOH
/.3 NBHOFU XJUI B IPNFCVJMU QSPCF BOE TQFDUSPNFUFS 5ƥ BU ǊǑ 5 XBT EFUFSNJOFE CZ QFS
GPSNJOH TBUVSBUJPOSFDPWFSZ FYQFSJNFOUT XIFSFJO OVDMFBS QPMBSJ[BUJPO JT OVMMFE CZ B TFSJFT PG ǉǎ
Ӎ/Ʀ QVMTFT UIFO BMMPXFE GPS UJNF ӑQPM UP SFDPWFS UIF QPMBSJ[BUJPO ĉF SFDPWFSFE QPMBSJ[BUJPO XBT
ǉǍǏ
NFBTVSFE CZ B $BSS1VSDFMM.FJCPPN(JMM 	$1.(
 TFRVFODF <Ǒǐ>
(Ӎ/Ʀ)9 − [ӑ/Ʀ− (Ӎ): − ӑ/Ʀ− FDIP]O
XJUI ӑ = ƥ NT BOE O = ƨƤƤ 5ƥ XBT UIFO FYUSBDUFE CZ ėĨJOH UIF FWPMVUJPO PG QPMBSJ[BUJPO WFSTVT
ӑQPM BT FYQPOFOUJBMMZ BQQSPBDIJOH UIFSNBM FRVJMJCSJVN ĉF MJHIU TPVSDF 	&,& Ǌǉ7ǉǍǈ8
 XBT B
ǉǍǈ 8 IBMPHFO MJHIU CVMC BOE UIF MJHIU XBT DPVQMFE UP UIF TBNQMF UISPVHI BO PQUJDBM ėCFS MJHIU
HVJEF
Ǒǉǋ 3ĹňŊŀŉň
'JHVSF Ǒǉǉ	B
 TIPXT UIF TBUVSBUJPOSFDPWFSZ PG OVDMFBS QPMBSJ[BUJPO JO TBNQMF " VOEFS MJHIU BOE
EBSL DPOEJUJPOT /P DIBOHF JO 5ƥ JT PCTFSWFE CFUXFFO UIF UXP TJUVBUJPOT 4JNJMBS SFTVMUT XFSF
PCTFSWFE GPS TBNQMF # *O TBNQMF $ 	'JH Ǒǉǉ	C

 5ƥ JT TFFO UP EFDSFBTF OPUBCMZ VOEFS JMMVNJ
OBUJPO *O UIF EBSL 5ƥ = ƪƫƩ ± ƥƦƨ T BOE VOEFS JMMVNJOBUJPO 5ƥ = ƧƭƩ ± ƥƥƬ T *O CPUI DBTFT
TPNF QPSUJPO PG UIF NBHOFUJ[BUJPO SFDPWFST WFSZ RVJDLMZ BOE UIFO UIF QPMBSJ[BUJPO FYQPOFOUJBMMZ
BQQSPBDIFT UIFSNBM FRVJMJCSJVN 4JNJMBS SFTVMUT XFSF PCTFSWFE GPS TBNQMF %
ĉF SFMBUJWF DIBOHF JO SPPN UFNQFSBUVSF5ƥ EVF UP MJHIU 	5ƥ,MJHIU/5ƥ,EBSL
 JT TIPXO BT B GVODUJPO
PG QBSUJDMF EJBNFUFS JO 'JH ǑǉǊ #FDBVTF UIF TBNQMF UVCF XBT QBDLFE UJHIUMZ XJUI TJMJDPO QBSUJ
DMFT JO BMM DBTFT UIF TBNQMFT EJĎFSJOH SFTQPOTFT UP JMMVNJOBUJPO DBOOPU CF BĨSJCVUFE UP B MBSHF
WBSJBUJPO JO PQUJDBM QFOFUSBUJPO JOUP UIF TBNQMF WPMVNF "TTVNJOH B NPEFM DMPTF QBDLFE TQIFSFT
UIF EJTUBODF CFUXFFO QBSUJDMFT JO CPUI DBTFT JT CFMPX UIF XBWFMFOHUI PG UIF MJHIU BOE TP UIF MJHIU
QFOFUSBUFT UIF TBNQMF WPMVNF CZ TDBĨFSJOH <ǊǊǐ> #BTFE PO UIF EJĎFSFODF JO QBSUJDMF TJ[FT PG UIF
TBNQMFT XF XPVME FYQFDU TUSPOHFS QFOFUSBUJPO PG UIF MJHIU JOUP UIF TBNQMF WPMVNFT PG UIF MBSHFS
QBSUJDMFT SBUIFS UIBO UIF TNBMM QBSUJDMFT ĉFSFGPSF UIF BQQFBSBODFPG BOPOUSJWJBM FĎFDUPG JMMVNJOB
UJPO POMZ GPS TNBMM OBOPQBSUJDMFT JOEJDBUFT UIBU UIF SFMBUJWF TVSGBDF UP WPMVNF SBUJPT PG UIF QBSUJDMFT
QMBZT B SPMF -JHIU JT TUSPOHMZ BĨFOVBUFE BU MBSHFS EJTUBODFT GSPN UIF TJMJDPO TVSGBDF <ǊǊǑ> BOE TP
ǉǍǐ
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20x103100
Wait Time (s)
 Dark: T1 = 8200 ± 600 s
 Light: T1 = 8400 ± 1200 s
1.0
0.5
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400020000
Wait Time (s)
Dark: T1 = 675 ±124 s
Light: T1 = 395 ±118 s
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6B;m`2 NXRXR, Lm+H2` bTBM HiiB+2 `2HtiBQM- rBi? M/ rBi?Qmi QTiB+H BHHmKBMiBQM- BM UV
H`;2 M/ U#V bKHH bBHB+QM MMQT`iB+H2b- K2bm`2/ #v `2+Qp2`v Q7 bTBM TQH`BxiBQM 7i2` bim@
`iBQM i # = kXN hX
JU JT MJLFMZ UIBU DBSSJFST BSF POMZ HFOFSBUFE XJUIJO UIF ėSTU∼ǉǈǈ ON GSPN UIF QBSUJDMF TVSGBDF 'PS
UIF MBSHF QBSUJDMFT UIJT SFHJPO POMZ DPOTUJUVUFT B GFX QFSDFOU PG UIF WPMVNF PG FBDI QBSUJDMF DPS
SFTQPOEJOH UP POMZ B GFX QFSDFOU PG UIF Ʀƭ4J DPOUSJCVUJOH UP UIF Ʀƭ4J /.3 TJHOBM 'PS UIF TNBMMFS
QBSUJDMFT UIJT DPOTUJUVUFT UIF FOUJSF WPMVNF PG FBDI QBSUJDMF BOE TP BMM OVDMFJ BSF BĎFDUFE
Ǒǉǌ $ŃłķŀŊňĽŃł
ĉF FĎFDU PG PQUJDBM JMMVNJOBUJPO PO TQJOMBĨJDF SFMBYBUJPO JO TJMJDPO OBOPQBSUJDMFT IBWF BMTP CFFO
NFBTVSFE " TJHOJėDBOU TIPSUFOJOH PG 5ƥ 	CZ ∼ ǌǈƻ
 EVF UP JMMVNJOBUJPO JT PCTFSWFE JO TNBMM
ǉǈǊǈ ON OBOPQBSUJDMFT CVU OPU JO MBSHF QBSUJDMFT XJUI EJBNFUFST PG Ǌ ӉN BOE Ǎ ӉN ĉJT EJĎFS
FODF CFUXFFO TNBMM BOE MBSHF OBOPQBSUJDMFT JOEJDBUFT UIBU UIF SFMBUJWF TVSGBDF UP WPMVNF SBUJPT IBT
OPOUSJWJBM FĎFDUT PO UIF TQJO EZOBNJDT JO TJMJDPO BU OBOPNFUFS TDBMF
ǉǍǑ
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6B;m`2 NXRXk, *?M;2 BM `QQK i2KT2`im`2 5ƥ /m2 iQ HB;?i U5ƥ,MJHIU/5ƥ,EBSLV b  7mM+iBQM Q7
T`iB+H2 /BK2i2`X
ǉǎǈ
ǑǊ 0ńŉĽķĵŀĹĺĺĹķŉňŃłŀŃŌŉĹŁńĹŇĵŉŊŇĹĸŏłĵŁĽķłŊķŀĹĵŇńŃŀĵŇĽŐĵŉĽŃł
Ľł ňĽŀĽķŃłŁĽķŇŃńĵŇŉĽķŀĹň
ǑǊǉ *łŉŇŃĸŊķŉĽŃł
%ZOBNJD OVDMFBS QPMBSJ[BUJPO SFRVJSFT UIF USBOTGFS PG BOHVMBSNPNFOUVN GSPN B IJHIMZ QPMBSJ[FE
TQJO CBUI UP UIF UBSHFU OVDMFBS TQJOT UP FOIBODF UIFJS QPMBSJ[BUJPO GBS BCPWF UIF FRVJMJCSJVN MFWFM
*ONBOZ DBTFT UIJT QPMBSJ[FE TQJO CBUI UBLFT UIF GPSN PG QBSBNBHOFUJD EFGFDUT UIBU PDDVS OBUVSBMMZ
XJUIJO UIF TZTUFN <ǉǊǐ> PS BSF JOUSPEVDFE WJB HBNNB SBZ JSSBEJBUJPO <Ǌǈǐ> PS UIF JODPSQPSBUJPO
PG B DIFNJDBM SBEJDBM TQFDJFT <ǍǑ> ĉFTF QBSBNBHOFUJD EFGFDUT BSF WFSZ FđDJFOU BU ESJWJOH EZ
OBNJD OVDMFBS QPMBSJ[BUJPO VOEFSNJDSPXBWF JSSBEJBUJPO IPXFWFS PODF UIFNJDSPXBWF JSSBEJBUJPO
JT UVSOFE PĎ UIFZ QSPWJEF UIFNBJONFDIBOJTN GPS MPTT PG OVDMFBS QPMBSJ[BUJPO UISPVHI TQJO MBĨJDF
SFMBYBUJPO *O TFNJDPOEVDUJOH NBUFSJBMT BCPWF CBOE HBQ PQUJDBM JSSBEJBUJPO DBO CF VTFE UP HFOFS
BUF DBSSJFST JO FYDFTT PG UIF UIFSNBMMZ HFOFSBUFE DBSSJFST ĉFTF DBSSJFST POMZ FYJTU XIJMF UIF PQUJDBM
JSSBEJBUJPO JT PO SFMBYJOH CBDL UP UIFJS MBĨJDF TJUFT PODF JU JT TXJUDIFE PĎ ĉJT QSPWJEFT B VOJRVF
PQQPSUVOJUZ UP FđDJFOUMZ HFOFSBUF IJHI OVDMFBS QPMBSJ[BUJPOT UIBU BSF QSPUFDUFE GSPN SFMBYBUJPO
BěFS UIF QPMBSJ[BUJPO QSPDFTT JT DPNQMFUF
ĉF PQUJDBM QVNQJOH FĎFDU IBT CFFO JOWFTUJHBUFE FYUFOTJWFMZ JO ***7 NBUFSJBMT TVDI BT (B"T
BOE *O1 XIFSF CZ VTJOH QPMBSJ[FE MJHIU TQJO QPMBSJ[FE DBSSJFST DBO CF HFOFSBUFE UIBU UIFO QP
MBSJ[F UIF OVDMFBS TQJOT WJB B DPOUBDU IZQFSėOF JOUFSBDUJPO " OVNCFS PG /.3 TUVEJFT JO TJM
JDPO DSZTUBMT CZ #BHSBFW FU BM IBWF SFQPSUFE PO 5ƥ BOE JUT EFQFOEFODF PO NBHOFUJD ėFME GPS
TJMJDPO VOEFS PQUJDBM QVNQJOH DPOEJUJPOT XIFSF EJĎFSFOU NBUFSJBM USFBUNFOUT TVDI BT EPQJOH
<ǉǌǎ ǉǌǏ> DPNQFOTBUJPO <ǉǌǐ> BOE NFDIBOJDBM EFGPSNBUJPOT <ǉǌǑ> IBWF CFFO BQQMJFE UP UIF
DSZTUBM 0QUJDBM QVNQJOH JT BDIJFWFE CZ UIF BCTPSQUJPO PG DJSDVMBSMZ QPMBSJ[FE QIPUPOT XIJDI QSP
EVDFT B MBSHF OVNCFS PG QIPUPFYDJUFE DBSSJFST XJUI B EJTUSJCVUJPO PG TQJO QPMBSJ[BUJPO GBS GSPN
FRVJMJCSJVN ĉSPVHI BO FYDIBOHF JOUFSBDUJPO UIJT BMTP SFTVMUT JO OPOFRVJMJCSJVN QPMBSJ[BUJPOT
ǉǎǉ
Tapered ﬁber
W 
irradiation
Silicon sample
6B;m`2 NXkXR, a+?2KiB+ Q7 i?2 b2imT mb2/ 7Q` +QK#BM2/ QTiB+H M/ KB+`Qrp2 BM/m+2/
/vMKB+ Mm+H2` TQH`BxiBQMX
PG FMFDUSPOT MPDBMJ[FE BU EPOPST ĉF SFMBYBUJPO PG UIPTF FMFDUSPO TQJOT UBLF QMBDF UISPVHI ĚJQ
ĚPQ USBOTJUJPOT PG UIF DPVQMFE FMFDUSPOOVDMFBS TZTUFN DPOTFRVFOUMZ IZQFSQPMBSJ[JOH UIF OVDMFBS
TQJO <ǐǋ ǐǌ ǉǈǎ ǉǊǐ ǉǌǍ> 6OQPMBSJ[FE MJHIU DBO BMTP CF FNQMPZFE BOE JO FJUIFS DBTF OVDMFBS
SFMBYBUJPO NFBTVSFNFOUT DBO QSPWJEF JOGPSNBUJPO PO UIF EFUBJMT PG UIF JOWPMWFE TQJO QSPDFTTFT
<ǊǊǉmǊǊǋ>
ǑǊǊ 4ĵŁńŀĹň ĵłĸ ĹŎńĹŇĽŁĹłŉĵŀ ŁĹŉļŃĸň
'PS UIJT TUVEZ PVS TBNQMF XBT∼ ƥƤNH PG OBUVSBM BCVOEBODF 	Ʀƭ4J  ƨ.Ƭ%
 QPMZDSZTUBMMJOF TJMJDPO
QPXEFS 	"MGB "FTBS E  ǋ ӉN
 %ZOBNJD OVDMFBS QPMBSJ[BUJPOXBT QFSGPSNFE JO B DPOUJOVPVT ĚPX
DSZPTUBU BU ǋǎ , JO B ǊǐǑ 5 TVQFSDPOEVDUJOH/.3NBHOFU 	ӗO  Ǌǌǌǈǌ.)[
 ĉF TBNQMF XBT
QBDLFE JO B UIJOXBMMFE UFĚPO UVCFXIJDIXBT IFME JO EJSFDU DPOUBDU XJUI UIF ĚPXJOH IFMJVN WBQPS
" DVTUPN JOTFSU GPS UIF DSZPTUBU BOE B IPNF CVJMU TQFDUSPNFUFS XJUI B TBEEMF DPJM XFSF VTFE GPS
/.3 EFUFDUJPO " Ǌǈ E#N 	ǉǈǈ N8
 (VOO EJPEF UVOBCMF GSPN ƬƤ − ƬƦ ()[ XBT VTFE BT UIF
NJDSPXBWF TPVSDF ĉFNJDSPXBWF GSFRVFODZ GPS JSSBEJBUJPOXBT TFU CZ BEKVTUJOH UIF%$CJBTPG UIF
(VOO EJPEF ĉF %$ CJBT XBT NPEVMBUFE VTJOH UIF DBTDBEFE PVUQVU PG UXP GVODUJPO HFOFSBUPST
	)1ǋǋǊǍǈ"
ĉF MJHIU TPVSDF 	&,&Ǌǉ7ǉǍǈ8
XBT B ǉǍǈ8IBMPHFO MJHIU CVMC ĉFDSZPTUBUXBT
ǉǎǊ
FRVJQQFE XJUI BO PQUJDBM WBDVVN GFFEUISPVHI BOE UIF MJHIU XBT DPVQMFE UP UIF TBNQMF UISPVHI
BO PQUJDBM ėCFS MJHIUHVJEF ĉF MJHIUHVJEF XBT UBQFSFE BU UIF FOE BOE TJUVBUFE DPODFOUSJD XJUI
UIF TBNQMF WPMVNF 	'JH ǑǊǉ
 UP FOTVSF NBYJNVN JSSBEJBUJPO PG UIF TBNQMF .JDSPXBWFT XFSF
DPVQMFE UP UIF TBNQMFVTJOH BNNXBWFHVJEFXJUI B TMPU BOUFOOB UIBU QSPWJEFEVOJGPSN JSSBEJBUJPO
BMPOH POF TJEF PG UIF TBNQMF
ĉF HGBDUPS GPS PQUJDBMMZ HFOFSBUFE DBSSJFST 	HǊǈǈǊ
 JT TJHOJėDBOUMZ EJĎFSFOU UP UIF HGBDUPS
GPS ėYFE QBSBNBHOFUJD EFGFDUT 	HǊǈǈǎ
XJUIJO UIF TJMJDPO TBNQMF BOE TP UIF UXP FMFDUSPO TQFDJFT
IBWF TJHOJėDBOUMZ SFTPOBOU GSFRVFODJFT "EEJUJPOBMMZ GPS UIF PQUJDBMMZ HFOFSBUFE XF XPVME FYQFDU
QPMBSJ[BUJPO WJB B DPOUBDU IZQFSėOF JOUFSBDUJPO <ǐǋ ǉǈǐ> XJUI NBYJNVN QPMBSJ[BUJPO PDDVSSJOH
BU UIF SFTPOBOU GSFRVFODZ GPS UIFTF DBSSJFST 	ӗ = ӗFƥ
 PQQPTFE GPS UIF ėYFE QBSBNBHOFUJD EFGFDUT
XIFSF QPMBSJ[BUJPO PDDVST BU B GSFRVFODZ CFMPX UIF SFTPOBOU GSFRVFODZ 	ӗ = ӗFƦ − ρӗ

8F VTFE UISFF EJĎFSFOU NJDSPXBWF JSSBEJBUJPO TDIFNFT UP USZ UP TFMFDUJWFMZ ESJWF QPMBSJ[BUJPO
GPS FBDIPG UIF UXPNFDIBOJTNT 	'JH ǑǊǊ
 4DIFNF"VTFE JSSBEJBUJPONPEVMBUFE BSPVOE UIF GSF
RVFODZ LOPX UPESJWFNBYJNVNQPMBSJ[BUJPOCZ UIFQBSBNBHOFUJD EFGFDUTӗFƦ−ρӗ = ƬƤ.ƭƪ()[
4DIFNF#VTFE JSSBEJBUJPO BU UIF SFTPOBOU GSFRVFODZ PG UIF PQUJDBMMZ HFOFSBUFE DBSSJFSTӗFƥ = ƬƤ.ƨ
()[ 4DIFNF $ VTFE B EPVCMF NPEVMBUJPO XIFSF UIF NJDSPXBWF JSSBEJBUJPO XBT TFU UP KVNQ CF
UXFFO UIF UXP SFTPOBOU GSFRVFODJFT BU B EVUZ DZDMF PG ǈǍ
ǑǊǋ 3ĹňŊŀŉň
ĉF UJNF FWPMVUJPO PG Ʀƭ4J OVDMFBS QPMBSJ[BUJPO JO UIF MJHIU 	CMVF
 BOE EBSL 	SFE
 GPS UIF UISFF EJG
GFSFOU NJDSPXBWF JSSBEJBUJPO TDIFNFT JT TIPXO JO 'JH ǑǊǋ ĉF EBUB JT XFMM ėU CZ B CJFYQPOFOUJBM
GVODUJPO 1 = 1∞
(
ƥ− "ƥF−ӑQPM/5QPM,ƥ − "ƦF−ӑQPM/5QPM,Ʀ
)
XJUI UXP EJTUJODU UJNF DPOTUBOUT 5QPM,ƥ BOE
5QPM,Ʀ TIPXO JO 5BCMF ǑǊǉ
*O BMM DBTFT UIF BEEJUJPO PG XIJUF MJHIU EFDSFBTFE UIF VMUJNBUF OVDMFBS QPMBSJ[BUJPO HFOFSBUFE CZ
%/1 BěFS BO JSSBEJBUJPO UJNF ӑQPM ĉF SBUFT PG QPMBSJ[BUJPO BMTP EFDSFBTFE TVHHFTUJOH UIBU UIF
ǉǎǋ
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6B;m`2 NXkXk, JB+`Qrp2 KQ/mHiBQM b+?2K2b 7Q` QTiB+HHv 2M?M+2/ .LS 2tT2`BK2MibX
DBSSJFST XFSF EFQPMBSJ[JOH OVDMFJ UIBU IBE CFFO QPMBSJ[FE JO UIF EBSL CZ OVDMFBS TQJO EJĎVTJPO
&đDJFOU OVDMFBS QPMBSJ[BUJPO WJB B DPOUBDU IZQFSėOF JOUFSBDUJPO XJUI NPCJMF DBSSJFT SFRVJSFT
UIBU UIF QPMBSJ[BUJPO PG UIF DBSSJFST JT IJHI "U UIF UFNQFSBUVSF 	5ǋǎ ,
 BOE NBHOFUJD ėFME 	#
 ǊǐǑ 5
 JOWFTUJHBUFE UIF FMFDUSPO QPMBSJ[BUJPO JT∼ ƩƤ% "T∼ IBMG UIF HFOFSBUFE DBSSJFST BSF
VOQPMBSJ[FE BOE JOUFSBDUJPOT CFUXFFO UIFN BOE Ʀƭ4J OVDMFJ XJMM SFTVMU JO BO BEEJUJPOBM SFMBYBUJPO
5ƥ,Y ∝ /Ƥ5ƥ/Ʀ"Ʀ BDDPSEJOH UP
E1(S, U)
EU
=
1Ƥ − 1
5Y
+ %∇Ʀ1+8
∑ 1− Ӂ1Ƥ
|S− SN|ƪ 	Ǒǉ

XIFSF8 JT UIF SBUF PG %/1 HFOFSBUFE CZ UIF QBSBNBHOFUJD EFGFDUT
ǑǊǌ $ŃłķŀŊňĽŃł
" DPNCJOFE PQUJDBM JSSBEJBUJPO BOENJDSPXBWF JOEVDFE EZOBNJD OVDMFBS QPMBSJ[BUJPO XBT JOWFTUJ
HBUFE BT BNFDIBOJTN GPS JODSFBTJOH UIF OVDMFBS QPMBSJ[BUJPO JONJDSPTDBMF TJMJDPOQBSUJDMFT /P FO
IBODFNFOU JO Ʀƭ4J OVDMFBS QPMBSJ[BUJPO EVF UP UIF PQUJDBM DBSSJFST XBT PCTFSWFE BU UIF UFNQFSBUVSF
BOENBHOFUJD ėFME JOWFTUJHBUFE *OTUFBE UIF PQUJDBM DBSSJFST HFOFSBUFE QSPWJEF BO BEEJUJPOBM SFMBY
ǉǎǌ
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Scheme 1
6B;m`2 NXkXj, 1z2+i Q7 r?Bi2 HB;?i BHHmKBMiBQM QM KB+`Qrp2 BM/m+2/ .LS BM bBHB+QM KB@
+`QT`iB+H2b 7Q` KB+`Qrp2 B``/BiBQM UV i i?2 `2bQMMi 7`2[m2M+v Q7 i?2 /272+ib- U#V i i?2
`2bQMMi 7`2[m2M+v Q7 i?2 +``B2`b U+V KQ/mHi2/ #2ir22M i?2 irQ `2bQMMi 7`2[m2M+B2bX
ǉǎǍ
4DIFNF 5QPM,ƥ(T) 5QPM,Ʀ(T)
" -JHIU ƥƩƤ± ƬƤ ƭƩƤ± ƥƧƤ
%BSL ƦƦƤ± ƬƤ ƥƥƩƤ± ƥƦƩ
# -JHIU ƧƦƤ± ƦƤ ƥƭƫƤ± ƥƤƤ
%BSL ƨƦƤ± ƧƤ ƦƧƤƤ± ƥƨƤ
$ -JHIU ƧƥƤ± ƧƤ ƦƧƧƤ± ƦƦƤ
%BSL ƧƩƤ± ƨƤ ƦƦƦƤ± ƦƤƤ
h#H2 NXkXR, SQH`BxiBQM iBK2b }iiBM; iQ 2tT2`BK2MiH /i BM 6B;m`2 NXkXjX 5QPM,ƥ M/ 5QPM,Ʀ
`2 7bi M/ bHQr TQH`BxiBQM iBK2b r?B+? 7Q`K irQ //BiBp2 +QKTQM2Mib Q7 i?2 TQH`BxiBQM
T`Q+2bbX
BUJPO NFDIBOJTN GPS OVDMFBS QPMBSJ[BUJPO HFOFSBUFE CZ JSSBEJBUJPO PG ėYFE QBSBNBHOFUJD EFGFDUT
SFTVMUJOH JO B MPXFS VMUJNBUF QPMBSJ[BUJPO HFOFSBUFE DPNQBSFE UPNJDSPXBWF JSSBEJBUJPO BMPOF 3F
QFBUJOH UIF FYQFSJNFOU BU B IJHIFS NBHOFUJD ėFME BOE MPXFS UFNQFSBUVSFT TJNJMBS UP UIF DBTF JO
WFTUJHBUFE CZ .D$BNFZ FU BM <ǉǈǐ> XIFSF UIF FMFDUSPO QPMBSJ[BUJPO XBT > ƭƤ% NBZ SFTVMU JO
UIF BOUJDJQBUFE FOIBODFNFOU JO OVDMFBS QPMBSJ[BUJPO WJB B DPOUBDU IZQFSėOF JOUFSBDUJPO "EEJ
UJPOBMMZ UIF VTF PG TNBMMFS QBSUJDMFT XIFSF UIF PQUJDBM JSSBEJBUJPO DBO GVMMZ QFOFUSBUF FBDI QBSUJDMF
WPMVNF 	TVDI BT UIPTF EFTDSJCFE JO 4FDUJPO Ǒǉ
 PS UIPTF XJUIPVU B TVSGBDF PYJEF XPVME MFBE UP B
IJHIFS OVNCFS PG DBSSJFST HFOFSBUFE BOE JODSFBTF UIF SBUF PG IZQFSėOF JOUFSBDUJPOT CFUXFFO TQJO
QPMBSJ[FE DBSSJFST BOE Ʀƭ4J OVDMFJ XJUIJO UIF MBĨJDF
ǉǎǎ
Ǒǋ 5ĹŁńĹŇĵŉŊŇĹ ĸĹńĹłĸĹłķĹ Ńĺ ŉļĹ ĸĹķĵŏ Ńĺ łŊķŀĹĵŇ ļŏńĹŇńŃŀĵŇĽŐĵ
ŉĽŃł Ľł ňĽŀĽķŃłŁĽķŇŃńĵŇŉĽķŀĹň
Ǒǋǉ *łŉŇŃĸŊķŉĽŃł
-PX UFNQFSBUVSF EZOBNJD OVDMFBS QPMBSJ[BUJPO VUJMJ[FT UIF IJHI TQJO QPMBSJ[BUJPO PG B CBUI PG QBSB
NBHOFUJD EFGFDU FMFDUSPOT GPS QPMBSJ[JOHOVDMFBS TQJOT GBS BCPWF UIFJS UIFSNBM QPMBSJ[BUJPO ĉFOV
DMFBS QPMBSJ[BUJPO EZOBNJDT BSF EFUFSNJOFE CZ UIF MPDBUJPO BOE DPODFOUSBUJPO PG UIFTF FMFDUSPOT
XJUI SFTQFDU UP UIF UBSHFU OVDMFJ BT UIF SBUF PG EJSFDU QPMBSJ[BUJPO TDBMFT TUSPOHMZ XJUI UIF EJTUBODF
S CFUXFFO UIFN 	S−ƪ
 0ODF UIF OVDMFJ BSF IZQFSQPMBSJ[FE UIF QSJNBSZ NFDIBOJTN GPS UIF EF
QPMBSJ[BUJPO PG UIF OVDMFBS TQJOT JT WJB BO JOUFSBDUJPO XJUI UIF QBSBNBHOFUJD EFGFDUT UIBU QPMBSJ[FE
UIFN IPXFWFS JTPMBUFE PS OPOSFTPOBOU EFGFDUT NBZ BMTP DBVTF BEEJUJPOBM EFQPMBSJ[BUJPO
'PS DMJOJDBM BQQMJDBUJPOT TBNQMFT UIBU BSF IZQFSQPMBSJ[FE BU MPX UFNQFSBUVSFT WJB EZOBNJD OV
DMFBS QPMBSJ[BUJPO UZQJDBMMZ VOEFSHP MBSHF DIBOHFT JONBHOFUJD ėFME BOE UFNQFSBUVSF JO UIFJS USBOTJU
GSPN UIF QPMBSJ[FS UP XIFO UIFZ BSF BENJOJTUFSFE JO BO JNBHJOH NBHOFU ĉF DPVQMJOH CFUXFFO
UIF FMFDUSPO TQJOT BOE UIF MBĨJDF JT TUSPOHMZ EFQFOEFOU PO CPUI NBHOFUJD ėFME BOE UFNQFSBUVSF
BOE TP JU JT FYQFDUFE UIBU UIFSF XJMM CF CPUI B UFNQFSBUVSF BOE NBHOFUJD ėFME EFQFOEFODF UP UIF
EFDBZ JO OVDMFBS IZQFSQPMBSJ[BUJPO
$SZTUBMMJOF TJMJDPO NJDSPQBSUJDMFT DPOTJTU PG UXP EJTUJODU OVDMFBS TQJO CBUIT TQJOT UIBU BSF JO
EJSFDU DPOUBDU XJUI QBSBNBHOFUJD EFGFDUT BU UIF TVSGBDF WJB B EJQPMBS JOUFSBDUJPO BOE TQJOT UIBU
BSF DPOUBJOFE EFFQ XJUIJO UIF DPSF PG UIF QBSUJDMF BOE QSPUFDUFE GSPN UIFTF EFGFDUT /VDMFBS TQJO
EJĎVTJPO JT BO FOFSHZ DPOTFSWJOH QSPDFTT BOE TP GPS EFQPMBSJ[BUJPO EPNJOBUFE CZ OVDMFBS TQJO
EJĎVTJPO SFMBYBUJPO TIPVME CF JOEFQFOEFOU PG CPUI NBHOFUJD ėFME BOE UFNQFSBUVSF <Ǒǌ> 8F
IBWF QSFWJPVTMZ TUVEJFE UIF EFDBZ JO OVDMFBS IZQFSQPMBSJ[BUJPO GSPN #PMU[NBOO QPMBSJ[BUJPO BT B
GVODUJPO PG EFQPMBSJ[JOH NBHOFUJD ėFME BOE PCTFSWFE UXP EJTUJODU OVDMFBS TQJO CBUIT POF XIJDI
XBT EFQFOEFOU PO NBHOFUJD ėFME BOE BOPUIFS UIBU EFDBZFE JOEFQFOEFOU PG NBHOFUJD ėFME
ǉǎǏ
*O UIJT TUVEZ XF FYBNJOF UIF UFNQFSBUVSF EFQFOEFODF PG UIF EFDBZ JO OVDMFBS IZQFSQPMBSJ[B
UJPO JO TJMJDPO NJDSPQBSUJDMFT BOE DPNQBSF JU UP UIF EFDBZ JO OVDMFBS QPMBSJ[BUJPO PCTFSWFE XIFO
UIF QBSUJDMFT BSF USBOTJUFE UISPVHI B WBSZJOHNBHOFUJD ėFME UP UIF JNBHJOHNBHOFU 6OEFSTUBOEJOH
UIJT UFNQFSBUVSF EFQFOEFODF NBZ EFUFSNJOF JG UIFSF JT BO PQUJNBM UFNQFSBUVSF GPS TUPSJOH IZQFS
QPMBSJ[FE TBNQMFT CFGPSF UIFZ BSF BENJOJTUFSFE
ǑǋǊ 4ĵŁńŀĹň ĵłĸ ĹŎńĹŇĽŁĹłŉĵŀ ŁĹŉļŃĸň
'PS UIJT TUVEZPVS TBNQMFXBT∼ ƦƤNHPGIJHIQVSJUZ 	ǑǑǑǑǑǐǍƻ4J
OBUVSBM BCVOEBODF 	Ʀƭ4Jƨ.Ƭ%

TJMJDPO QPXEFS 	"MGB "FTBS E  Ǌ ӉN
 BT VTFE JO UIF JNBHJOH TUVEJFT JO $IBQUFS ǐ %ZOBNJD OV
DMFBS QPMBSJ[BUJPO XBT QFSGPSNFE JO B DPOUJOVPVT ĚPX DSZPTUBU FRVJQQFE XJUI B WBSJBCMF UFNQFS
BUVSF DPOUSPM JO B ǊǐǑ 5 TVQFSDPOEVDUJOH /.3 NBHOFU 	ӗO  Ǌǌǌǈǌ .)[
 ĉF TBNQMF XBT
QBDLFE JO B UIJO XBMMFE UFĚPO UVCF XIJDI XBT IFME JO EJSFDU DPOUBDU XJUI UIF ĚPXJOH IFMJVN WB
QPS " DVTUPN JOTFSU GPS UIF DSZPTUBU BOE B IPNF CVJMU TQFDUSPNFUFS XJUI B TBEEMF DPJM XFSF VTFE
GPS /.3 EFUFDUJPO " Ǌǈ E#N 	ǉǈǈ N8
 (VOO EJPEF UVOBCMF GSPN ƬƤ − ƬƦ ()[ XBT VTFE
BT UIF NJDSPXBWF TPVSDF ĉF NJDSPXBWF GSFRVFODZ SFTQPOTF PG UIF Ʀƭ4J OVDMFBS QPMBSJ[BUJPO XBT
DBMJCSBUFE UP EFUFSNJOF UIF PQUJNBM DPOEJUJPOT GPS QPMBSJ[BUJPO 	'JH Ǒǋǉ
 'PS QPMBSJ[BUJPO UIF
NJDSPXBWF TPVSDF XBT DFOUFSFE BU UIF QFBL WBMVF JO 'JH Ǒǋǉ BOE UIF %$ CJBT PG UIF (VOO EJPEF
XBTNPEVMBUFEXJUI B TZNNFUSJD SBNQ GVODUJPO BU B GSFRVFODZ GNPE ǉǈ L)[ BOE BNQMJUVEF DPSSF
TQPOEJOH UP B CBOEXJEUI PG #8NPE  Ǐǈ.)[ "U UIF CFHJOOJOH PG FBDI FYQFSJNFOU UIF SFTJEVBM
OVDMFBS QPMBSJ[BUJPO XBT OVMMFE XJUI B TFSJFT PG Ӎ/Ʀ QVMTFT BOE UIF TBNQMF BMMPXFE UP QPMBSJ[F GPS
B QFSJPE PG UJNF UQPM  ǉǊ I BU 5  ǋǎ , "U UIF FOE PG UIF QPMBSJ[BUJPO QFSJPE UIF NJDSPXBWF
JSSBEJBUJPO XBT TXJUDIFE PĎ VTJOH BO JOMJOF IJHIJTPMBUJPOĈ- TXJUDI UIF UFNQFSBUVSF SBJTFE UP
UIF EFQPMBSJ[JOH UFNQFSBUVSF5EFQ  ǌ Ǌǈ ǏǏ PS ǋǈǈ , BOE UIF EFDBZ JO OVDMFBS QPMBSJ[BUJPONFB
TVSFE XJUI B TFSJFT PG Ǌǈ◦ QVMTFT TFQBSBUFE CZ Ǒǈǈ T "NBUIFNBUJDBM DPSSFDUJPO 	XIFSF UIF JUI GSFF
JOEVDUJPO EFDBZ XBT TDBMFE CZ (ƥ/DPT((ƥ/ƨ.Ʃ) ∗ Ӎ/Ʀ)J ∗ TJO((ƥ/ƨ.Ʃ) ∗ Ӎ/Ʀ))/(TJO((ƥ/ƨ.Ʃ) ∗ Ӎ/Ʀ))

XBT BQQMJFE UP UIF EBUB UP DPSSFDU GPS UIF EFDSFBTJOH GSBDUJPO PG SFTJEVBM NBHOFUJ[BUJPO DPOTVNFE
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6B;m`2 NXjXR, ƦƭaB Mm+H2` TQH`BxiBQM b 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4 kX3Nh M/ h 4 jXe EX 2+?Qb
JO MBUFS QVMTFT
Ǒǋǋ 3ĹňŊŀŉň
ĉF EFDBZT JO OVDMFBS QPMBSJ[BUJPO GPS EFQPMBSJ[BUJPO UFNQFSBUVSFT PG ǌ , Ǌǈ , ǏǏ , BOE ǋǈǈ ,
BSF TIPXO JO 'JH ǑǋǊ 	B
 ĉF EBUB JT XFMM ėU CZ B TJOHMF FYQPOFOUJBM JO FBDI DBTF BOE B DIBSBD
UFSJTUJD EFDBZ UJNF 5ƥ,EFQ JT FYUSBDUFE GPS FBDI UFNQFSBUVSF ĉF WBMVFT PG 5ƥ,EFQ GPS UIF EJĎFSFOU
WBMVFT PG EFQPMBSJ[JOH UFNQFSBUVSF BSF TIPXO JO 'JH ǑǋǊ 	C
 " GBDUPS PG UXP SFEVDUJPO JO UIF
EFQPMBSJ[BUJPO UJNF JT PCTFSWFE PWFS UIJT UFNQFSBUVSF SBOHF XJUI UIF MBSHFTU DIBOHFT PCTFSWFE
GPS UIF UFNQFSBUVSF SBOHF ǌ  Ǌǈ ,ĉF DIBSBDUFSJTUJD EFQPMBSJ[BUJPO UJNF NFBTVSFE GPS UIF TBNF
TBNQMF VOEFS TJNJMBS QPMBSJ[BUJPO DPOEJUJPOT CVU NFBTVSFE BU ǋǈǈ , XJUIJO UIF CPSF PG B ǌǏ 5
.3* TDBOOFS JT BMTP TIPXO 	$IBQUFS ǐ
 ĉJT TBNQMF JT TVCKFDU UP B XJEF SBOHF JO NBHOFUJD ėFMET
BT JU JT NPWFE GSPN XJUIJO UIF ǊǐǑ 5 QPMBSJ[FS JOUP UIF CPSF PG UIF ǌǏ 5 .3* TDBOOFS 	XJUI B
NJOJNVN PG∼ ǍǈN5
 UIBU NBZ DPOUSJCVUF UP UIF OVDMFBS EFQPMBSJ[BUJPO IPXFWFS OP TJHOJėDBOU
EJĎFSFOU JO UIF UXP EFQPMBSJ[BUJPO UJNFT BSF PCTFSWFE GPS UIF TBNF QPMBSJ[BUJPO DPOEJUJPOT
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6B;m`2 NXjXk, .2+v Q7 Mm+H2` ?vT2`TQH`BxiBQM b  7mM+iBQM Q7 i2KT2`im`2X 	B
 %FDBZ
PG Ʀƭ4J OVDMFBS IZQFSQPMBSJ[BUJPO JO UIF QPMBSJ[FS BU EFQPMBSJ[JOH UFNQFSBUVSFT PG ǌ , Ǌǈ , ǏǏ , BOE
ǋǈǈ , BěFS %/1 GPS ǉǊ IPVST BU ǋǎ , 	C
 $IBSBDUFSJTUJD Ʀƭ4J EFQPMBSJ[BUJPO UJNF DPOTUBOUT 	5ƥ,EFQ

GPS EJĎFSFOU EFQPMBSJ[JOH UFNQFSBUVSFT FYUSBDUFE GSPN UIF EFDBZ DVSWFT JO 	B

8F IBWF QSFWJPVTMZ JEFOUJėFE NVMUJFMFDUSPO EJQPMFEJQPMF JOUFSBDUJPOT PDDVSSJOH CFUXFFO BT
UIF QSJNBSZ SFMBYBUJPONFDIBOJTN GPS #PMU[NBOO IZQFSQPMBSJ[FE Ʀƭ4J OVDMFJ BU EJĎFSFOUNBHOFUJD
ėFMET BU SPPN UFNQFSBUVSF <ǊǈǑ> ĉFTF FMFDUSPOT BSF MPDBUFE QSJNBSJMZ PO UIF TVSGBDF PG UIF QBS
UJDMFT BOE SFMBY OVDMFJ BU B SBUF UIBU JT EFQFOEFOU PO UIF EJTUBODF 3 CFUXFFO UIF EFGFDUT BOE UIF
OVDMFJ BDDPSEJOH UP
5−ƥƥ =
,
Sƪ
	ǑǊ

XIFSF
, = Ƨ
ƥƤ
ҽƦF!Ʀ
#ƦƤ
ӗƦO5TTƦF
ƥ+ ӗƦO(5TTƦƦF )Ʀ
∫ ∞
−∞
H(ӗ)H(ӗ− ӗO)
H(Ƥ)
Eӗ 	Ǒǋ

ĉJT IBT OP FYQMJDJU UFNQFSBUVSF EFQFOEFODF BOE TP UIF TUSPOH UFNQFSBUVSF EFQFOEFODF PC
TFSWFE JT TVSQSJTJOH )PXFWFS UIF SFMBYBUJPO DBVTFE CZ B TJOHMF FMFDUSPO UIFSNBMJ[JOH XJUI UIF
ǉǏǈ
MBĨJDF JT EFQFOEFOU UIF SBUF PG UIJT UIFSNBMJ[BUJPO 5ƥF CZ
5−ƥƥ =
$
Sƪ
	Ǒǌ

XIFSF
$ = Ƨ
ƥƤ
ҽƦFҽ
Ʀ
O!
Ʀ Ʀ5ƥF
ƥ+ ӗƦO5ƦƥF
. 	ǑǍ

ĉF EFGFDU FMFDUSPOT BU UIF TVSGBDF PG UIF QBSUJDMF IBWF B TUSPOH UFNQFSBUVSF EFQFOEFODF5ƥF ∝
5−Ʀ CFUXFFOǌ  Ǌǈ,<ǉǎǍ> UIBUXPVME DPOUSJCVUF UP UIF BEEJUJPOBM SFMBYBUJPOPCTFSWFE WJB B TJOHMF
FMFDUSPO EJQPMBS QSPDFTT
ĉF MBDLPG DIBOHFCFUXFFOEFQPMBSJ[BUJPO JO UIF QPMBSJ[FS BOE JO UIF JNBHJOHNBHOFU JT OPU TVS
QSJTJOH #Z UIF UJNF UIBU UIF QBSUJDMFT BSF NPWFE UP UIF MPX ėFME FOWJSPONFOU UIF FMFDUSPOT BU UIF
QBSUJDMF TVSGBDF IBWF UIFSNBMJ[FE UP UIF FOWJSPONFOU 	5ƥF + ƥT
 BOE SFMBYBUJPO PG OVDMFJ XJUIJO
B DFSUBJO SBEJVT PG UIF QBSUJDMF TVSGBDF IBT BMSFBEZ PDDVSSFE .PWJOH UIF IZQFSQPMBSJ[FE QBSUJDMFT
UISPVHI B WBSZJOHNBHOFUJD ėFME FOWJSPONFOU 	BCPWF UIF EJQPMBS ėFME PG UIF OVDMFJ
 UIFSFGPSF IBT
OP BEEJUJPOBM FĎFDU POOVDMFBS EFQPMBSJ[BUJPO BT UIFOVDMFJ UIBU SFNBJOIZQFSQPMBSJ[FE BSF MPDBUFE
GBS GSPN UIFTF QBSBNBHOFUJD EFGFDUT BOE DBO POMZ SFMBY WJB OVDMFBS TQJO EJĎVTJPO
Ǒǋǌ $ŃłķŀŊňĽŃł
8F IBWFNFBTVSFE UIF EFDBZ JO OVDMFBS IZQFSQPMBSJ[BUJPO GPS IJHI QVSJUZ TJMJDPONJDSPQBSUJDMFT BU
UFNQFSBUVSFT SBOHJOH GSPN ǌ  ǋǈǈ , " GBDUPS PG UXP EFDSFBTF JO EFQPMBSJ[BUJPO UJNF JT PCTFSWFE
PWFS UIJT UFNQFSBUVSF SBOHF XJUI UIF MBSHFTU DIBOHF PDDVSSJOH JO UIF UFNQFSBUVSF SBOHF CFUXFFO
ǌ  Ǌǈ , ĉFSF JT MJĨMF DIBOHF JO EFQPMBSJ[BUJPO UJNF DPOTUBOU PCTFSWFE GPS UIF TBNQMF EFQPMBS
J[JOH BU ǋǈǈ , XJUIJO UIF QPMBSJ[FS DPNQBSFE UP UIF TBNQMF UIBU IBT CFFO TVCKFDU UP MBSHF DIBOHFT
JO BNCJFOU NBHOFUJD ėFME BT JU JT NPWFE GSPN UIF QPMBSJ[FS UP BO JNBHJOH NBHOFU 4BNQMFT UIBU
IBWF CFFO IZQFSQPMBSJ[FE GPS MPOHFS UJNFT XJMM IBWF B IJHIFS QSPQPSUJPO PG OVDMFBS QPMBSJ[BUJPO
ǉǏǉ
DPOUBJOFE XJUIJO UIF DSZTUBMMJOF DPSF BOE UIFJS EFQPMBSJ[BUJPO TIPVME TIPX B XFBLFS UFNQFSBUVSF
EFQFOEFODF
ǉǏǊ
Ǒǌ &ĺĺĹķŉ Ńĺ ŉļĹ ƥ) ĹłŋĽŇŃłŁĹłŉ Ńł Ʀƭ4Ľ %/1 Ľł łĵŉŊŇĵŀ ĵĶŊłĸĵłķĹ
ĵłĸ ĹłŇĽķļĹĸ ńĵŇŉĽķŀĹň
Ǒǌǉ *łŉŇŃĸŊķŉĽŃł
ĉF TJMJDPO PYJEF TVSGBDF UIBU OBUVSBMMZ FODBQTVMBUFT TJMJDPO NJDSP BOE OBOPQBSUJDMFT JT TUSPOHMZ
IZESPQIPCJD BOE TP UIFTF QBSUJDMFT OFFE UP CF TVSGBDF GVODUJPOBMJ[FE XJUI B CJPDPNQBUJCMF QPMZ
NFS UP FOTVSF TUBCJMJUZ JO CJPMPHJDBM NFEJB ĉJT TVSGBDF GVODUJPOBMJ[BUJPO JT QFSGPSNFE BT B XFU
DIFNJTUSZ QSPDFTT CFGPSF UIF Ʀƭ4J IZQFSQPMBSJ[BUJPO JT HFOFSBUFE CZ MPX UFNQFSBUVSF %/1 ĉF
GVODUJPOBM NPJFUJFT BSF BĨBDIFE UP UIF QBSUJDMF TVSGBDF XJUIJO B GFX ON PG UIF FMFDUSPOT UIBU QSP
WJEF UIF QPMBSJ[BUJPO TPVSDF GPS Ʀƭ4J%/1 6OEFSTUBOEJOH UIF FĎFDU PG B OFBSCZ ƥ) SJDI TQJO CBUI
GSPN UIF GVODUJPOBM NPJFUJFT BOE SFTJEVBM TPMVUJPO PO UIF Ʀƭ4J %/1 QSPDFTT JT JNQPSUBOU GPS BQ
QMJDBUJPOT PG UIFTF NBUFSJBMT GPS NFEJDBM JNBHJOH
ǑǌǊ 4ĵŁńŀĹň ĵłĸ ĹŎńĹŇĽŁĹłŉĵŀ ŁĹŉļŃĸň
ĉF TBNQMFT BOE NFBTVSFNFOU UFDIOJRVFT GPS UIJT TFDUJPO BSF UIF TBNF BT JO $IBQUFS Ǐ
ĉF TBNQMFT DPOTJTUFE PG IJHI QVSJUZ OBUVSBM BCVOEBODF 	Ʀƭ4J  ƨ.Ƭ%
 TJMJDPO QBSUJDMFT 	"MGB
"FTBS E  ǋ ӉN
 BOE JTPUPQJDBMMZ FOSJDIFE 	Ʀƭ4J  ƭƥ.ƨ%) <ǊǈǍ> TJMJDPO QBSUJDMFT 	EƤ = ƦƤƤ ON

NBEFCZCBMMNJMMJOHCVML TJMJDPO BOE UIFO TJ[FTFQBSBUFECZ DFOUSJGVHBM TFEJNFOUBUJPO <ǉǋǐ> #PUI
TBNQMFT XFSF VOEPQFE BOE QPMZDSZTUBMMJOF 1BSUJDMF TJ[FT XFSF DPOėSNFE CZ 4DBOOJOH &MFDUSPO
.JDSPTDPQZ 	4&.
 4VTQFOTJPOT PG UIFTF QBSUJDMFT JO FUIBOPM BOE XBUFS 	ǉǈǑǉ 4J&U0))Ʀ0
CZ XFJHIU
 XFSF QSFQBSFE CZ TPOJDBUJPO JO BO VMUSBTPOJD CBUI BOE UIFO EFHBTTFE XJUI B GSFF[F
QVNQUIBX DZDMF CFGPSF CFJOH MPBEFE JOUP UIF DSZPTUBU GPS NFBTVSFNFOU ĉF FUIBOPM BOE XBUFS
NJYUVSF CSFBLT UIF IZESPQIPCJD FĎFDU OPSNBMMZ PCTFSWFE GPS TJMJDPO QBSUJDMFT TVTQFOEFE JO XBUFS
BMPOF CSJOHJOH ƥ) TQJOT DMPTF UP UIF QBSUJDMF TVSGBDF
%/1 FYQFSJNFOUT XFSF QFSGPSNFE BU ǌǊ , JO B DPOUJOVPVT ĚPX DSZPTUBU JO B #  ǊǋǍ 5 	Ǌǈ
ǉǏǋ
.)[ Ʀƭ4J GSFRVFODZ ǉǈǈ .)[ ƥ) GSFRVFODZ
 TVQFSDPOEVDUJOH /.3 NBHOFU ĉF TBNQMF XBT
IPVTFE JO B HMBTT DBQJMMBSZ UVCF XIJDI XBT IFME JO EJSFDU DPOUBDU XJUI UIF ĚPXJOH IFMJVN WBQPS
" #SVLFS /.3 TQFDUSPNFUFS XJUI B IPNFCVJMU QSPCF BOE TPMFOPJEBM DPJM <Ǌǈǎ> XBT VTFE GPS
/.3EFUFDUJPO .JDSPXBWF 	Ӊ8
 JSSBEJBUJPOXBT QSPWJEFE UISPVHI B ǑǈN8(VOO%JPEF TPVSDF
	.JMMJUFDI
 BOE UIF Ӊ8TXFSF DPVQMFE GSPN SPPN UFNQFSBUVSF UP UIF TBNQMF WJB BNNXBWFHVJEF
BOE IPSO BOUFOOB ĉF OVDMFBS QPMBSJ[BUJPO XBT NFBTVSFE XJUI B TBUVSBUJPO SFDPWFSZ TFRVFODF
(Ӎ/Ʀ)ƥƪ − U− (Ӎ/Ʀ)9
Ǒǌǋ 3ĹňŊŀŉň
'JHVSF Ǒǌǉ TIPXT UIF UJNF EFQFOEFODF PG UIF Ʀƭ4J /.3 TJHOBM GPS TBNQMFT PG OBUVSBM BCVOEBODF
	ƨ.ƫ% Ʀƭ4J 
 BOE FOSJDIFE 	ƭƦ% Ʀƭ4J 
 4J/1 CPUI ESZ BOE TVTQFOEFE JO B GSP[FONBUSJY PG FUIBOPM
BOE XBUFS BU B Ӊ8 GSFRVFODZ PG ǎǍǐǏǍ ()[ 5P FYDMVEF UIF FĎFDUT PG EJĎFSFODFT JO TBNQMF WPM
VNF BMM EBUB TFUT BSF OPSNBMJ[FE UP UIF /.3 QFBL WBMVF BU ǏǊǈǈ T ĉF EBUB JT XFMM EFTDSJCFE CZ
B CJFYQPOFOUJBM GVODUJPO 1 = 1∞
(
ƥ− "ƥF−U/ӑ4Jƥ − "ƦF−U/ӑ4JƦ
)
XJUI UXP EJTUJODU UJNF DPOTUBOUT
ӑ4Jƥ BOE ӑ4JƦ  TVNNBSJ[FE JO 5BCMF Ǒǌǉ 8F BĨSJCVUF ӑ4Jƥ UP UIF QPMBSJ[BUJPO PG OVDMFJ OFBS UIF TVS
GBDFPG UIFQBSUJDMF BOE ӑ4JƦ UP QPMBSJ[JOHOVDMFJ JO UIF DPSFPG UIFQBSUJDMFT CZOVDMFBS TQJOEJĎVTJPO
8IFO UIF QBSUJDMFT BSF TVTQFOEFE JO UIF TPMVUJPO UIF JOJUJBM QPMBSJ[BUJPO UJNF ӑ4Jƥ JT SFEVDFE CZ B
GBDUPS PG Ǌǋ XIJMTU ӑ4JƦ SFNBJOT BQQSPYJNBUFMZ UIF TBNF GPS CPUI UZQFT PG QBSUJDMFT &WFO UIPVHI
TQJO EJĎVTJPO JT FYQFDUFE UP CF NVDI GBTUFS GPS UIF Ʀƭ4J FOSJDIFE OBOPQBSUJDMFT XF EP OPU TFF B
EJTDFSOJCMF EJĎFSFODF JO ӑ4JƦ CFUXFFO UIF UXP TFUT PG QBSUJDMFT QSPCBCMZ EVF UP UIF EJĎFSFODF JO
TJ[F
1PMBSJ[BUJPO JO UIFTF TJMJDPO TBNQMFT JT HFOFSBUFE CZ ėYFE QBSBNBHOFUJD EFGFDUT MPDBUFE BU UIF
TJMJDPOTJMJDPOEJPYJEF JOUFSGBDF DMPTF UP UIFQBSUJDMF TVSGBDF ĉF ƥ)OVDMFJXJUIJO UIFXBUFSFUIBOPM
NJYUVSF BSF MPDBUFE DMPTF FOPVHI UP UIFTF EFGFDU TQJOT UP CF EJSFDUMZ QPMBSJ[FE UISPVHI UIF TBNF
EJQPMBS JOUFSBDUJPO UIBU QPMBSJ[FT UIF Ʀƭ4J OVDMFJ XJUIJO UIF QBSUJDMF 'PS B HJWFONJDSPXBWF FOFSHZ
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6B;m`2 NX9XR, ƦƭaB Mm+H2` TQH`BxiBQM 7Q` UV Mim`H #mM/M+2 U9Xd W ƦƭaB V M/ U#V BbQ@
iQTB+HHv 2M`B+?2/ UNRX9 W ƦƭaB V T`iB+H2b /`v M/ BM  7`Qx2M 2i?MQH,ri2` Ki`BtX
4BNQMF ӑ4Jƥ(T) ӑ4JƦ(T)
ƨ.ƫ% Ʀƭ4J ESZ ƬƩ± Ʀƪ ƥƫƥƨ± ƦƩƨ
	ǋ ӉN
 TVTQFOEFE ƥƫƦ± ƨƥ ƥƩƫƤ± ƥƬƥ
ƭƦ% Ʀƭ4J ESZ ƨƭ± ƪ ƥƬƥƪ± ƥƪƭ
	Ǌǈǈ ON
 TVTQFOEFE ƥƦƧ± ƨƥ ƥƫƭƬ± ƦƪƧ
h#H2 NX9XR, SQH`BxiBQM iBK2b }iiBM; iQ 2tT2`BK2MiH /i BM 6B;m`2 NX9XRX ӑ4Jƥ M/ ӑ4JƦ
`2 7bi M/ bHQr TQH`BxiBQM iBK2b r?B+? 7Q`K irQ //BiBp2 +QKTQM2Mib Q7 i?2 TQH`BxiBQM
T`Q+2bbX
ǉǏǍ
JSSBEJBUJOH UIF FMFDUSPO TQJO CBUI TPNF PG UIF FOFSHZ GSPN UIF FMFDUSPO EJQPMBS CBUI XJMM USBOTGFS
UP UIF ƥ) ;FFNBO CBUI BOE TPNF UP UIF Ʀƭ4J ;FFNBO CBUI SFEVDJOH UIF JOJUJBM QPMBSJ[BUJPO SBUF
PG UIF Ʀƭ4J TQJOT
*O DPOUSBTU UIF JOJUJBM QPMBSJ[BUJPO SBUFT PG TJNJMBS QBSUJDMFT XJUI BOE XJUIPVU TVSGBDF GVODUJPO
BMJ[BUJPO XJUI "15.4 BOE 1&( TIPXFE MJĨMF EFQFOEFODF PO UIF QSFTFODF PG UIF FYUSB PSHBOJD
NPJFUJFT ĉF BNPVOU PG QPMBSJ[BUJPO HFOFSBUFE WJB EJSFDU %/1 B EJTUBODF S GSPN UIF FMFDUSPOT
TDBMFT BT S−ƪ GPS FBDI OVDMFBS TQFDJFT ĉF"15.41&( DPNQMFY IBT WFSZ GFX TQJOGVM OVDMFJ WFSZ
DMPTF UP UIF QBSUJDMF TVSGBDF 	"QQFOEJY $
 BOE EVF UP JUT FMFDUSPDIFNJDBM TUSVDUVSF FYDMVEFT XB
UFS GSPN XJUIJO JU ĉFSFGPSF UIF SFMBUJWF TJ[F PG UIF ƥ) TQJO CBUI JO UIFTF TVSGBDF GVODUJPOBMJ[FE
QBSUJDMFT JT TJHOJėDBOUMZ TNBMMFS DPNQBSFE UP UIF QBSUJDMFT JOWFTUJHBUFE JO UIJT TUVEZ UIBU IBWF CFFO
TVTQFOEFE EJSFDUMZ JO XBUFS BOE FUIBOPM
Ǒǌǌ $ŃłķŀŊňĽŃł
8F IBWF NFBTVSFE UIF FĎFDU PG B QSPYJNBM ƥ) SJDI TPMVUJPO PO UIF %/1 PG TJMJDPO QBSUJDMFT XJUI
OBUVSBM BCVOEBODF 	ǌǏƻ
 BOE JTPUPQJDBMMZ FOSJDIFE 	Ǒǉǌƻ
 DPODFOUSBUJPOT PG Ʀƭ4J OVDMFJ ĉF
BEEJUJPO PG UIF ƥ) SJDI TPMVUJPO SFEVDFT UIF FđDJFODZ PG Ʀƭ4J %/1 BT QBSU PG UIF FOFSHZ JT OPX
USBOTGFSSFE UP UIF ƥ) TQJO CBUI " TUSPOHFS FĎFDU PO UIF JOJUJBM QPMBSJ[BUJPO EZOBNJDT JT PCTFSWFE
JO UIF FOSJDIFE TBNQMF UIBO JO UIF OBUVSBM BCVOEBODF TBNQMF IPXFWFS MBUFS TUBHF QPMBSJ[BUJPO JO
CPUI TBNQMFT JT MBSHFMZ VOBĎFDUFE CZ UIF ƥ) SJDI TQJO CBUI
ǉǏǎ
5P HFU TPNFUIJOH OFX EPOF ZPV IBWF UP CF TUVCCPSO BOE GP
DVTFE UP UIF QPJOU UIBU PUIFST NJHIU ėOE VOSFBTPOBCMF
+FĎ #F[PT
10
$PODMVTJPOT BOE GVUVSF PVUMPPL
ĉF BJN PG UIJT UIFTJT XBT UP UBLF UIF JEFB PG B CJPDPNQBUJCMF MPOH5ƥ UBSHFUFE NFEJDBM JNBHJOH
BHFOU GSPN DPODFQU UP BQQMJDBUJPO BOE QSPWJEF B GSBNFXPSL GPS VOEFSTUBOEJOH UIF QIZTJDBM QSP
DFTTFT UIBU VOEFSMZ CPUI QPMBSJ[BUJPO BOE EFQPMBSJ[BUJPO XJUIJO UIFTF QBSUJDMFT
" WBSJFUZ PG TBNQMFT XFSF NFBTVSFE UIBU XFSF NBEF CZ B SBOHF PG UFDIOJRVFT JODMVEJOH CBMM
NJMMJOH TJMJDPO XBGFS XFU TZOUIFTJT BOE FYQMPTJPO TZOUIFTJT .PTU TBNQMFT TVĎFSFE GSPN JOUFSOBM
DSZTUBM EFGFDUT UIBU BDUFE BT JTPMBUFE SFMBYBUJPO TJUFT EVSJOH UIF QPMBSJ[BUJPO QSPDFTT TJHOJėDBOUMZ
TMPXJOH UIF SBUF PG QPMBSJ[BUJPO BOE JNQBDUJOH PO UIF VMUJNBUF QPMBSJ[BUJPO BDIJFWBCMF BT XFMM BT
UIF EFQPMBSJ[BUJPO UJNFT ĉF TBNQMFT UIBU IBE UIF CFTU TQJOMBĨJDF SFMBYBUJPO QSPQFSUJFT XFSF
ǉǏǏ
UIPTF NBEF CZ XFU TZOUIFTJT IPXFWFS PCUBJOJOH MBSHF RVBOUJUJFT PG UIFTF IJHI RVBMJUZ TBNQMFT
XBT EJđDVMU ĉFSFGPSF JNQSPWFE TZOUIFTJT UFDIOJRVFT UP NBLF MBSHF RVBOUJUJFT PG IJHIRVBMJUZ
TJMJDPO QBSUJDMFT XJUI MBSHFS TJ[FT 	VQ UP TFWFSBM ӉN
 XPVME CF EFTJSBCMF
4FWFSBM BTQFDUT DPVME CF JNQSPWFE JO UIF QPMBSJ[BUJPO QSPDFTT 3FEVDJOH UIF UFNQFSBUVSF PG
PQFSBUJPO UP CFMPX ǉ , XPVME TJHOJėDBOUMZ JODSFBTF UIF FMFDUSPO TQJO QPMBSJ[BUJPO BOE IFODF UIF
VMUJNBUF Ʀƭ4J OVDMFBS QPMBSJ[BUJPO BDIJFWBCMF ĉJT NBZ CF PĎTFU CZ B TVCTFRVFOU JODSFBTF JO UIF
FMFDUSPO 5ƥF UIBU XPVME TMPX EPXO UIF SBUF PG QPMBSJ[BUJPO IPXFWFS UIJT DPVME CF DPNQFOTBUFE
GPS CZ JODSFBTJOH UIF FMFDUSPO DPODFOUSBUJPO $IFNJDBM NPEJėDBUJPO PG UIF TJMJDPO TVSGBDF GPS
JOTUBODF XJUI DPOUSPMMFE PYJEBUJPO DPVME BMMPX UIF EFGFDU EFOTJUZ UP CF UBJMPSFE TP UIBU UIF IZQFS
QPMBSJ[BUJPO QSPDFTT JT PQUJNJ[FE " TUSBUFHZ UP RVJDLMZ UFSNJOBUF UIFTF EFGFDUT BěFS QPMBSJ[BUJPO
GPS JOTUBODFCZVTJOH GPSNJOH HBT DPVME GVSUIFS FOIBODF UIF SFMBYBUJPO UJNFT BDIJFWBCMF 0QUJDBMMZ
FOIBODFE%/1 JT BMTPNPSF MJLFMZ UPCFPCTFSWFE BU UIFTF MPXFS UFNQFSBUVSFT BOE DPVMECFVTFE UP
HFOFSBUF QPMBSJ[BUJPO JO TBNQMFTXJUIPVU B TVSGBDF PYJEF UIBU DPVME IBWF WFSZ MPOH SFMBYBUJPO UJNFT
PODF UIF JMMVNJOBUJPO JT UVSOFE PĎ ĉFTF QBSUJDMFT DPVME CF VTFE BT B QPMBSJ[BUJPO CBĨFSZ XIFSF
OVDMFBS IZQFSQPMBSJ[BUJPO DPVME CF USBOTGFSSFE WJB B )BSUNBOO)BIO DSPTT QPMBSJ[BUJPO QSPDFTT
UP PUIFS OVDMFBS TQJOT BU UIF TVSGBDF PG UIF QBSUJDMF GPS FOIBODFE SFBEPVUǮ 0UIFS JNQSPWFNFOUT
TVDI BT VTJOH B NJDSPXBWF DBWJUZ GPS FOIBODJOH UIF TUSFOHUI PG UIF NJDSPXBWF JSSBEJBUJPO TIPVME
BMTP CF JOWFTUJHBUFE
ĉF JNBHJOH QSPDFEVSF DPVME BMTP CF TJHOJėDBOUMZ JNQSPWFE " QVSQPTF CVJMU ƥ) Ʀƭ4J WPMVNF
DPJM XPVME BMMPX GPS DPSFHJTUFSFE ǋ% JNBHJOH ĉF JNBHJOH TFRVFODF DPVME BMTP CF JNQSPWFE GPS
JOTUBODF CZ UIF VTF PG TIPSUFS FDIP UJNFT BOE TJHOBM BWFSBHJOH CZ UBLJOH BEWBOUBHF PG UIF MPOHUBJM
PG FDIPFT HFOFSBUFE VOEFS UIF $1.( DPOEJUJPOT "EEJUJPOBMMZ UIF .3* TZTUFN VTFE GPS UIFTF
TUVEJFT XBT OPU TIJFMEFE GSPN FMFDUSPNBHOFUJD OPJTF BOE TP B TJHOJėDBOU BNPVOU PG CBDLHSPVOE
OPJTF TIPVME CF BCMF UP CF FMJNJOBUFE
Ǯ/PUF UIBU UIJT QSPDFTT JT VOMJLFMZ UP XPSL JO QBSUJDMFT XJUI B IJHI DPODFOUSBUJPO PG FMFDUSPOT BU UIF QBSUJDMF
TVSGBDF BT UIF TUSPOHMZ EJQPMBS DPVQMFE FMFDUSPO CBUI IBT B XJEF TQFDUSBM EJTUSJCVUJPO UIBU XJMM TIPSUDJSDVJU UIF
DSPTT QPMBSJ[BUJPO QSPDFTT
ǉǏǐ
ĉFNPTU QSPNJTJOH JOWJWP BQQMJDBUJPO PG TJMJDPO QBSUJDMFT BQQFBST UP HBTUSPJOUFTUJOBM JNBHJOH
EVF UP UIF FYJTUJOH VTBHF PG TJMJDPO XJUIJO UIF GPPE JOEVTUSZ ĉF QBSUJDMFT DPVME CF VTFE GPS QPT
JUJWF DPOUSBTU JNBHJOH PG UIF JOUFSOBM TUSVDUVSF PG UIF (* USBDU BOE CF TVSGBDF GVODUJPOBMJ[FE UP
UBSHFU TQFDJėD TJUFT PG EJTFBTF "EEJUJPOBMMZ UIFJS JOWJWP EZOBNJDT DPVME CF VTFE UP SFBE PVU CJP
QIZTJDBM QBSBNFUFST TVDI BT Q)XJUI GPS JOTUBODF B Q) BDUJWF TVSGBDF QPMZNFS UIBU DBVTFT UIFN UP
BHHMPNFSBUF PS EJTQFSTF BOE DIBOHF UIFJS 	5∗Ʀ
 *OWFTUJHBUJPOT TIPVME TQBO PUIFS DMJOJDBM BQQMJDB
UJPOT IPXFWFS TVDI BT USBDLJOH ESVHEFMJWFSZ BT UIF VMUJNBUF MFWFM PG TFOTJUJWJUZ PG UIJT UFDIOPMPHZ
JT TUJMM VOLOPXO "U MFBTU UXP PSEFST PG NBHOJUVEF JO TJHOBM BSF BDIJFWBCMF CZ JODSFBTJOH UIF OV
DMFBS QPMBSJ[BUJPO BOE QPUFOUJBMMZ BOPUIFS PSEFS PG NBHOJUVEF BDIJFWBCMF XJUI JNQSPWFE JNBHJOH
UFDIOJRVFT TVDI BT BWFSBHJOH BOE SFEVDJOH BNCJFOU OPJTF ĉJTXPVME UBLF UIF EFUFDUBCMF DPODFO
USBUJPO SFRVJSFE UP< ƥƤƦ QBSUJDMFT QFS WPYFM XIJDINBZ PQFO VQ BQQMJDBUJPOT JO TUFN DFMM USBDLJOH
BOE NPOJUPSJOH ESVH EFMJWFSZ BT XFMM BT NBOZ PUIFS BQQMJDBUJPOT OPU ZFU DPOTJEFSFE
0WFS UIF UJNF TQBO PG UIJT UIFTJT EZOBNJD OVDMFBS QPMBSJ[BUJPO IBT NPWFE GSPN UP B UFDIOJRVF
DPOėOFE UP MPX UFNQFSBUVSF QIZTJDT BOE QIZTJDBM DIFNJTUSZ MBCPSBUPSJFT JO VOJWFSTJUJFT UP B UFDI
OPMPHZ BDDFTTJCMF UPNBOZ SFTFBSDIFST UISPVHI UIFQVSDIBTFPG B DPNNFSDJBM)ZQFSTFOTFQPMBSJ[FS
GSPN0YGPSE *OTUSVNFOUT BOE TPPO UP CF DMJOJDBM SFTFBSDIFST UISPVHI UIF 4QJO-BC QPMBSJ[FSNBO
VGBDUVSFE CZ(&ĉFTF DPNNFSDJBM QPMBSJ[FST IBWF PQUJNJ[FE UIF RVBMJUZ DPOUSPM BOE EJTTPMVUJPO
QSPDFTT FOTVSJOH UIBU UIF NBYJNVN BNPVOU PG IZQFSQPMBSJ[FE TBNQMF JT BENJOJTUFSFE *U JT JN
QPSUBOU UP OPUF UIBU UIF NFUIPET EFTDSJCFE JO UIJT UIFTJT GPS Ʀƭ4J %/1 JO TJMJDPO QBSUJDMFT BSF BMTP
BDIJFWBCMF XJUI UIFTF DPNNFSDJBM QPMBSJ[FST
ǉǏǑ
3FGFSFODFT
<ǉ> 3 1 'FZONBO + 3PCCJOT BOE' +%ZTPOĉFQMFBTVSF PG ėOEJOH UIJOHT PVU ĉFCFTU TIPSU
XPSLT PG 3JDIBSE 1 'FZONBO 	1FSTFVT#PPLT $BNCSJEHF ." ǉǑǑǑ

<Ǌ> $ # .VSSBZ $ 3 ,BHBO . ( #BXFOEJ 4FMGPSHBOJ[BUJPO PG $E4F OBOPDSZTUBMMJUFT JOUP
UISFFEJNFOTJPOBM RVBOUVN EPU TVQFSMBĨJDFT 4DJFODF ǊǏǈ ǉǋǋǍǉǋǋǐ 	ǉǑǑǍ

<ǋ> )8,SPUP + 3)FBUI 4$0#SJFO 3 '$VSM 3 & 4NBMMFZ$ǎǈ #VDLNJOTUFSGVMMFSFOF
/BUVSF ǋǉǐ ǉǎǊǉǎǋ 	ǉǑǑǍ

<ǌ> 8 4UPCFS " 'JOL & #PIO$POUSPMMFE HSPXUI PGNPOPEJTQFSTF TJMJDB TQIFSFT JO UIFNJDSPO
TJ[F SBOHF + $PMMPJE *OUFSGBDF 4DJ Ǌǎ ǎǊǎǑ 	ǉǑǎǐ

<Ǎ> + 3 )FBUI " -JRVJE4PMVUJPO1IBTF 4ZOUIFTJT PG $SZTUBMMJOF 4JMJDPO 4DJFODF ǊǍǐ ǉǉǋǉ
ǉǉǋǋ 	ǉǑǑǊ

<ǎ> " 1 "MJWJTBUPT 4FNJDPOEVDUPS DMVTUFST OBOPDSZTUBMT BOE RVBOUVN EPUT 4DJFODF ǊǏǉ Ǒǋǋ
	ǉǑǑǎ

<Ǐ> ) %BJ &8 8POH :; -V 4 'BO BOE $. -JFCFS 4ZOUIFTJT BOE DIBSBDUFSJ[BUJPO PG DBS
CJEF OBOPSPET /BUVSF ǋǏǍ ǏǎǑǏǊ 	ǉǑǑǍ

<ǐ> $ . -JFCFS " . .PSBMFT 1 & 4IFFIBO & 8 8POH 1 :BOH 0OFEJNFOTJPOBM OBOPT
USVDUVSFT 3BUJPOBM TZOUIFTJT OPWFM QSPQFSUJFT BOE BQQMJDBUJPOT 1SPDFFEJOHT PG UIF 3PCFSU
"8FMDI 'PVOEBUJPO ǌǈUI$POGFSFODF PO$IFNJDBM 3FTFBSDI $IFNJTUSZ PO UIF/BOPNF
UFS 4DBMF 3 " 8FMDI 'PVOEBUJPO )PVTUPO ǉǎǍǉǐǏ 	ǉǑǑǏ

<Ǒ> + )V 58 0EPN BOE $. -JFCFS $IFNJTUSZ BOE 1IZTJDT JO 0OF %JNFOTJPO 4ZOUIFTJT
BOE 1SPQFSUJFT PG /BOPXJSFT BOE /BOPUVCFT "DD $IFN 3FT ǋǊ ǌǋǍǌǌǍ 	ǉǑǑǑ

<ǉǈ> 5 (VP 1 /JLPMBFW "ĉFTT % $PMCFSU 3 4NBMMFZ $BUBMZUJD HSPXUI PG TJOHMFXBMMFE OBO
PUVCFT CZ MBTFS WBQPSJ[BUJPO $IFN 1IZT -FĨ Ǌǌǋ ǌǑǍǌ 	ǉǑǑǍ

<ǉǉ> 5 8 &CCFTFO 1 . "KBZBO -BSHFTDBMF TZOUIFTJT PG DBSCPO OBOPUVCFT /BUVSF ǋǍǐ ǊǊǈ
ǊǊǊ 	ǉǑǑǊ

<ǉǊ> + # +BDLTPO BOE /+ )BMBT 4VSGBDFFOIBODFE 3BNBO TDBĨFSJOH PO UVOBCMF QMBTNPOJD
OBOPQBSUJDMF TVCTUSBUFT 1SPD /BUM "DBE 4DJ 64" ǉǈǉ ǉǏǑǋǈǉǏǑǋǍ 	Ǌǈǈǌ

ǉǐǈ
<ǉǋ> 4 + 0MEFOCVSH 3 % "WFSJĨ 4- 8FTUDPĨ BOE / + )BMBT /BOPFOHJOFFSJOH PG PQUJDBM
SFTPOBODFT $IFN 1IZT -FĨ Ǌǐǐ ǊǌǋǊǌǏ 	ǉǑǑǐ

<ǉǌ> . " 3FFE FU BM 0CTFSWBUJPO PG EJTDSFUF FMFDUSPOJD TUBUFT JO B [FSPEJNFOTJPOBM TFNJDPO
EVDUPS OBOPTUSVDUVSF 1IZT 3FW -FĨ ǎǈ ǍǋǍǍǋǏ 	ǉǑǐǐ

<ǉǍ> 3 -BOHFS BOE + 'PMLNBO 1PMZNFST GPS UIF TVTUBJOFE SFMFBTF PG QSPUFJOT BOE PUIFS NBDSP
NPMFDVMFT /BUVSF Ǌǎǋ ǏǑǏǐǈǈ 	ǉǑǏǎ

<ǉǎ> , ,B[VOPSJ FU BM #MPDL DPQPMZNFSNJDFMMFT BT WFIJDMFT GPS ESVH EFMJWFSZ + $POUSPM 3FMFBTF
Ǌǌ ǉǉǑǉǋǊ 	ǉǑǑǋ

<ǉǏ> % $ %SVNNPOE 0 .FZFS , )POH % # ,JSQPUJO BOE %1BQBIBEKPQPVMPT 0QUJNJ[JOH
-JQPTPNFT GPS %FMJWFSZ PG $IFNPUIFSBQFVUJD "HFOUT UP 4PMJE 5VNPST 1IBSNBDPM 3FW Ǎǉ
ǎǑǉǏǌǌ 	ǉǑǑǑ

<ǉǐ> ) ,BUBPLB FU BM 4QPOUBOFPVT GPSNBUJPO PG QPMZJPO DPNQMFY NJDFMMFT XJUI OBSSPX EJTUSJ
CVUJPO GSPNBOUJTFOTF PMJHPOVDMFPUJEF BOE DBUJPOJD CMPDL DPQPMZNFS JO QIZTJPMPHJDBM TBMJOF
.BDSPNPMFDVMFT ǊǑ ǐǍǍǎǐǍǍǏ 	ǉǑǑǎ

<ǉǑ> +8/BI - :V 40)BO$)"IO 48,JN"SUFSZXBMM CJOEJOHQFQUJEFQPMZ	FUIZMFOF
HMZDPM
HSBěFEQPMZ	MMZTJOF
CBTFE HFOF EFMJWFSZ UP BSUFSZ XBMM DFMMT + $POUSPM 3FMFBTF Ǐǐ
ǊǏǋǊǐǌ 	ǊǈǈǊ

<Ǌǈ> . :PLPZBNB FU BM *ODPSQPSBUJPO PG XBUFSJOTPMVCMF BOUJDBODFS ESVH JOUP QPMZNFSJD NJ
DFMMFT BOE DPOUSPM PG UIFJS QBSUJDMF TJ[F + $POUSPM 3FMFBTF ǍǍ ǊǉǑǊǊǑ 	ǉǑǑǐ

<Ǌǉ> : #BF FU BM 1SFQBSBUJPO BOE CJPMPHJDBM DIBSBDUFSJ[BUJPO PG QPMZNFSJD NJDFMMF ESVH DBSSJFST
XJUI JOUSBDFMMVMBS Q)USJHHFSFE ESVH SFMFBTF QSPQFSUZ UVNPS QFSNFBCJMJUZ DPOUSPMMFE TVC
DFMMVMBS ESVH EJTUSJCVUJPO BOE FOIBODFE JO WJWP BOUJUVNPS FđDBDZ #JPDPOKVH $IFN ǉǎ
ǉǊǊǉǋǈ 	ǊǈǈǍ

<ǊǊ> ' + .BSUJO $MJOJDBM QIBSNBDPMPHZ BOE BOUJUVNPS FđDBDZ PG %09*- 	QFHZMBUFE MJQPTPNBM
EPYPSVCJDJO
 JO.FEJDBM "QQMJDBUJPOT PG -JQPTPNFT 	&MTFWJFS 4DJFODF #7/FX:PSL
 ǎǋǍ
ǎǐǐ 	ǉǑǑǐ

<Ǌǋ> " / -VLZBOPW BOE 7 1 5PSDIJMJO .JDFMMFT GSPN MJQJE EFSJWBUJWFT PG XBUFSTPMVCMF QPMZ
NFST BT EFMJWFSZ TZTUFNT GPS QPPSMZ TPMVCMF ESVHT "EW %SVH %FMJW 3FW Ǎǎ ǉǊǏǋǉǊǐǑ
	Ǌǈǈǌ

<Ǌǌ> + $ 0MJWJFS %SVH USBOTQPSU UP CSBJO XJUI UBSHFUFE OBOPQBSUJDMFT /FVSP3Y Ǌ ǉǈǐǉǉǑ
	ǊǈǈǍ

<ǊǍ> % + #IBSBMJ FU BM 0SHBOJDBMMZ NPEJėFE TJMJDB OBOPQBSUJDMFT B OPOWJSBM WFDUPS GPS JO WJWP
HFOF EFMJWFSZ BOE FYQSFTTJPO JO UIF CSBJO 1SPD /BUM "DBE 4DJ 64" ǉǈǊ ǉǉǍǋǑǉǉǍǌǌ
	ǊǈǈǍ

ǉǐǉ
<Ǌǎ> $ + )V 4 "SZBM BOE - ;IBOH /BOPQBSUJDMFBTTJTUFE DPNCJOBUJPO UIFSBQJFT GPS FĎFDUJWF
DBODFS USFBUNFOUĉFSBQFVUJD %FMJWFSZ ǉ ǋǊǋǋǋǌ 	Ǌǈǉǈ

<ǊǏ> 1 %FDV[[J FU BM 4J[F BOE TIBQF FĎFDUT JO UIF CJPEJTUSJCVUJPO PG JOUSBWBTDVMBSMZ JOKFDUFE QBS
UJDMFT + $POUSPM 3FMFBTF ǉǌǉ ǋǊǈǋǊǏ 	Ǌǈǉǈ

<Ǌǐ> : (FOH FU BM 4IBQF FĎFDUT PG ėMBNFOUT WFSTVT TQIFSJDBM QBSUJDMFT JO ĚPX BOE ESVH EFMJWFSZ
/BUVSF /BOPUFDI Ǌ ǊǌǑ  ǊǍǍ 	ǊǈǈǏ

<ǊǑ> ( "ESJBOJ FU BM ĉF QSFGFSFOUJBM UBSHFUJOH PG UIF EJTFBTFE NJDSPWBTDVMBUVSF CZ EJTLMJLF
QBSUJDMFT #JPNBUFSJBMT ǋǋ ǍǍǈǌǍǍǉǋ 	ǊǈǉǊ

<ǋǈ> ( ' 1BDJPĨJ FU BM $PMMPJEBM HPME " OPWFM OBOPQBSUJDMF WFDUPS GPS UVNPS EJSFDUFE ESVH
EFMJWFSZ %SVH %FMJWFSZ ǉǉ ǉǎǑǉǐǋ 	Ǌǈǈǌ

<ǋǉ> : .BUTVNVSB BOE ) .BFEB " OFX DPODFQU GPS NBDSPNPMFDVMBS UIFSBQFVUJDT JO DBODFS
DIFNPUIFSBQZ NFDIBOJTN PG UVNPSJUSPQJD BDDVNVMBUJPO PG QSPUFJOT BOE UIF BOUJUVNPS
BHFOU 4."/$4 $BODFS 3FT ǌǎ ǎǋǐǏǎǋǑǊ 	ǉǑǐǎ

<ǋǊ> 3 , +BJO %FMJWFSZ PGNPMFDVMBSNFEJDJOF UP TPMJE UVNPST 4DJFODF ǊǏǉ ǉǈǏǑǉǈǐǈ 	ǉǑǑǎ

<ǋǋ> 4 ,VNBSFTI FU BM #JPEFHSBEBCMF QPMZNFSJD OBOPQBSUJDMFT BT ESVH EFMJWFSZ EFWJDFT + $PO
USPM 3FMFBTF Ǐǈ ǉǊǈ 	Ǌǈǈǉ

<ǋǌ> #$ 5BOH FU BM #JPEFHSBEBCMF QPMZNFS OBOPQBSUJDMFT UIBU SBQJEMZ QFOFUSBUF UIF IVNBONV
DVT CBSSJFS 1SPD /BUM "DBE 4DJ 64" ǉǈǎ ǉǑǊǎǐǉǑǊǏǋ 	ǊǈǈǑ

<ǋǍ> 9 4VO FU BM /BOPHSBQIFOF PYJEF GPS DFMMVMBS JNBHJOH BOE ESVH EFMJWFSZ /BOP 3FTFBSDI ǉ
ǊǈǋǊǉǊ 	Ǌǈǈǐ

<ǋǎ> ; -JV FU BM %SVH EFMJWFSZ XJUI DBSCPO OBOPUVCFT GPS JO WJWP DBODFS USFBUNFOU $BODFS 3FT
ǎǐ ǎǎǍǊ 	Ǌǈǈǐ

<ǋǏ> + $IPJ FU BM $PSFTIFMM TJMJDB OBOPQBSUJDMFT BT ĚVPSFTDFOU MBCFMT GPS OBOPNFEJDJOF +
#JPNFEJDBM 0QU ǉǊ ǉǉǉ 	ǊǈǈǏ

<ǋǐ> & 5BTDJPĨJ FU BM .FTPQPSPVT TJMJDPO QBSUJDMFT BT B NVMUJTUBHF EFMJWFSZ TZTUFN GPS JNBHJOH
BOE UIFSBQFVUJD BQQMJDBUJPOT /BUVSF /BOPUFDI ǋ ǉǍǉ 	Ǌǈǈǐ

<ǋǑ> + ) 1BSL FU BM #JPEFHSBEBCMF MVNJOFTDFOU QPSPVT TJMJDPO OBOPQBSUJDMFT GPS JO WJWP BQQMJDB
UJPOT /BUVSF .BUFSJBMT ǐ ǋǋǉ 	ǊǈǈǑ

<ǌǈ> / 4JOHI FU BM #JPSFTQPOTJWF NFTPQPSPVT TJMJDB OBOPQBSUJDMFT GPS USJHHFSFE ESVH SFMFBTF +
"N $IFN 4PD ǉǋǋ ǉǑǍǐǊǉǑǍǐǍ 	Ǌǈǉǉ

<ǌǉ> 4JFNFOT Ǌǈǉǈ 1SFDMJOJDBM JNBHFT PG UIF ZFBS XXXTJFNFOTDPNQSFDMJOJDBM . -JO FU BM
*NBHJOH UIF QBODSFBUJD #DFMM 65 4PVUIXFTUFSO .FEJDBM $FOUFS %BMMBT 59 64" ĉJT
JNBHF JT SFQSPEVDFE XJUI QFSNJTTJPO DPQZSJHIU 4JFNFOT )FBMUIDBSF 	Ǌǈǉǈ
 BMM SJHIUT SF
TFSWFE
ǉǐǊ
<ǌǊ> -J$PS #JPTDJFODFT  "QQMJDBUJPOT GPS UIF 1FBSM *NQVMTF *NBHFS IUUQ :
//XXX.MJDPS.DPN/CJP/BQQMJDBUJPOT/QFBSMBQQMJDBUJPOT/TNBMMBOJNBMJNBHJOH.KTQ ĉJT JN
BHF JT SFQSPEVDFE XJUI QFSNJTTJPO DPQZSJHIU -J$PS #JPTDJFODFT 	ȖȔȕȕ
 BMM SJHIUT SFTFSWFE
<Șȗ> 3 4NJUI#JOENBO FU BM 3BEJBUJPO %PTF "TTPDJBUFE 8JUI $PNNPO $PNQVUFE 5PNPH
SBQIZ &YBNJOBUJPOT BOE UIF "TTPDJBUFE -JGFUJNF "ĨSJCVUBCMF 3JTL PG $BODFS "SDI *OUFSO
.FE ǉǎǑǊǈǏǐǊǈǐǎ 	ǊǈǈǑ

<ǌǌ> ' #MPDI /VDMFBS *OEVDUJPO 1IZT 3FW Ǐǈ ǌǎǈǌǏǌ 	ǉǑǌǎ

<ǌǍ> /#MPFNCFSHFO &.1VSDFMM BOE37 1PVOE 3FMBYBUJPO&ĎFDUT JO/VDMFBS.BHOFUJD3FT
POBODF "CTPSQUJPO 1IZT 3FW Ǐǋ ǎǏǑ 	ǉǑǌǐ

<ǌǎ> $ # 4FZNPVS BOE $ .PUIFSTJMM 3BEJBUJPOJOEVDFE CZTUBOEFS FĎFDUT  JNQMJDBUJPOT GPS
DBODFS /BUVSF 3FWJFXT $BODFS ǌ ǉǍǐǉǎǌ 	Ǌǈǈǌ

<ǌǏ> . EF +POH FU BM 4PNBUPTUBUJO SFDFQUPSUBSHFUFE SBEJPOVDMJEF UIFSBQZ PG UVNPST QSFDMJOJDBM
BOE DMJOJDBM ėOEJOHT 4FNJO /VDM .FE ǋǊ ǉǋǋǉǌǈ 	ǊǈǈǊ

<ǌǐ> 3 'B[FM FU BM &YQPTVSF UP -PX%PTF *POJ[JOH3BEJBUJPO GSPN.FEJDBM *NBHJOH 1SPDFEVSFT
/ &OHM + .FE ǋǎǉ ǐǌǑǐǍǏ 	ǊǈǈǑ

<ǌǑ> 1$-BVUFSCVS *NBHF GPSNBUJPOCZ JOEVDFE MPDBM JOUFSBDUJPOT &YBNQMFT FNQMPZJOHOVDMFBS
NBHOFUJD SFTPOBODF /BUVSF ǊǌǊ ǉǑǈǉǑǉ 	ǉǑǏǋ

<Ǎǈ> 5 3 #SPXO # . ,JODBJE BOE , 6HVSCJM /.3 DIFNJDBM TIJě JNBHJOH JO UISFF EJNFO
TJPOT 1SPD /BUM "DBE 4DJ 64" ǏǑ ǋǍǊǋǋǍǊǎ 	ǉǑǐǊ

<Ǎǉ> ĉF '%" 4BGFUZ *OGPSNBUJPO BOE "EWFSTF &WFOU 3FQPSUJOH 1SPHSBN 4BGFUZ *OGPSNB
UJPO XXX.GEB.HPW/4BGFUZ/.FE8BUDI/4BGFUZ*OGPSNBUJPO/VDNƥƭƤƨƦƪ.IUN BDDFTTFE "VHVTU
ǉǋ ǊǈǉǊ
<ǍǊ> . 4 "MCFSU FU BM #JPMPHJDBM NBHOFUJD SFTPOBODF JNBHJOH VTJOH MBTFSQPMBSJ[FE ǉǊǑ9F /B
UVSF ǋǏǈ ǉǑǑǊǈǉ 	ǉǑǑǌ

<Ǎǋ> 4 'BJO FU BM 'VODUJPOBM MVOH JNBHJOH VTJOH IZQFSQPMBSJ[FE HBT .3* + .BH 3FT ǊǍ Ǒǉǈ
ǑǊǋ 	ǊǈǈǏ

<Ǎǌ> 4 & %BZ FU BM%FUFDUJOH UVNPS SFTQPOTF UP USFBUNFOU VTJOH IZQFSQPMBSJ[FE ǉǋ$NBHOFUJD
SFTPOBODF JNBHJOH BOE TQFDUSPTDPQZ /BUVSF .FE ǉǋ ǉǋǐǊǉǋǐǏ 	ǊǈǈǏ

<ǍǍ> ' " (BMMBHIFS FU BM.BHOFUJD SFTPOBODF JNBHJOH PG Q) JO WJWP VTJOH IZQFSQPMBSJ[FE ǉǋ$
MBCFMMFE CJDBSCPOBUF /BUVSF ǌǍǋ ǑǌǈǑǌǋ 	Ǌǈǈǐ

<Ǎǎ> , 3 ,FTIBSJ FU BM)ZQFSQPMBSJ[FE ǉǋ$ EFIZESPBTDPSCBUF BT BO FOEPHFOPVT SFEPY TFOTPS
GPS JO WJWP NFUBCPMJD JNBHJOH 1SPD /BUM "DBE 4DJ 64" ǉǈǐ ǉǐǎǈǎǉǐǎǉǉ 	Ǌǈǉǉ

ǉǐǋ
<ǍǏ> /.;BDIBSJBT FU BM3FBMUJNFNPMFDVMBS JNBHJOH PG USJDBSCPYZMJD BDJE DZDMFNFUBCPMJTN JO
WJWP CZ IZQFSQPMBSJ[FE ǉ	ǉǋ
$ EJFUIZM TVDDJOBUF + "N $IFN 4PD ǉǋǌ ǑǋǌǑǌǋ 	Ǌǈǉǉ

<Ǎǐ> 5(8BMLFS BOE8)BQQFS 4QJOFYDIBOHF PQUJDBM QVNQJOH PG OPCMFHBT OVDMFJ 3FW.PE
1IZT ǎǑ ǎǊǑǎǌǊ 	ǉǑǑǏ

<ǍǑ> % " )BMM % .BVT ( + (FSGFO BOE 3 ( (SJđO 1PMBSJ[BUJPOFOIBODFE /.3 TQFD
USPTDPQZ PG CJPNPMFDVMFT JO GSP[FO TPMVUJPO 4DJFODF ǊǏǎ ǑǋǈǑǋǊ 	ǉǑǑǏ

<ǎǈ> + ) "SEFOLKBFS-BSTFO FU BM *ODSFBTF JO TJHOBMUPOPJTF SBUJP PG ǉǈǈǈǈ UJNFT JO MJRVJE
TUBUF /.3 1SPD /BUM "DBE 4DJ 64" ǉǈǈ ǉǈǉǍǐǉǈǉǎǋ 	Ǌǈǈǋ

<ǎǉ> ,(PMNBO FU BM.PMFDVMBS JNBHJOHXJUI FOEPHFOPVT TVCTUBODFT 1SPD/BUM"DBE 4DJ64"
ǉǈǈ ǉǈǌǋǍǉǈǌǋǑ 	Ǌǈǈǋ

<ǎǊ> . -JOHXPPE FU BM )ZQFSQPMBSJ[FE XBUFS BT BO .3* DPOUSBTU BHFOU GFBTJCJMJUZ PG JO WJWP
JNBHJOH JO B SBU NPEFM 3BEJPMPHZ *O QSFTT 	ǊǈǉǊ

<ǎǋ> %.8JMTPO FU BM .VMUJDPNQPVOE QPMBSJ[BUJPO CZ %/1 BMMPXT TJNVMUBOFPVT BTTFTTNFOU
PG NVMUJQMF FO[ZNBUJD BDUJWJUJFT JO WJWP + .BH 3FT ǊǈǍ ǉǌǉǉǌǏ 	Ǌǈǉǈ

<ǎǌ> %. 8JMTUPO FU BM (FOFSBUJPO PG IZQFSQPMBSJ[FE TVCTUSBUFT CZ TFDPOEBSZ MBCFMJOH XJUI
<ǉǉǉǋ$> BDFUJD BOIZESJEF 1SPD /BUM "DBE 4DJ 64" ǉǈǎ ǍǍǈǋǍǍǈǏ 	ǊǈǈǑ

<ǎǍ> & : $IFLNFOFW FU BM 1"4"%&/" IZQFSQPMBSJ[BUJPO PG TVDDJOJD BDJE GPS .3* BOE /.3
TQFDUSPTDPQZ + "N $IFN 4PD ǉǋǈǌǊǉǊǌǊǉǋ 	Ǌǈǈǐ

<ǎǎ> - 4DISPEFS 5 + -PXFSZ $ )JMUZ % & 8FNNFS BOE " 1JOFT .PMFDVMBS JNBHJOH VTJOH B
UBSHFUFE NBHOFUJD SFTPOBODF IZQFSQPMBSJ[FE CJPTFOTPS 4DJFODF ǋǉǌ ǌǌǎǌǌǑ 	Ǌǈǈǎ

<ǎǏ> + 8PMCFS FU BM 4QJOMBĨJDF SFMBYBUJPO PG MBTFSQPMBSJ[FE YFOPO JO IVNBO CMPPE 1SPD /BUM
"DBE 4DJ 64" Ǒǎ ǋǎǎǌǋǎǎǑ 	ǉǑǑǑ

<ǎǐ> ) &.PMMFS FU BM.FBTVSFNFOUT PG)ZQFSQPMBSJ[FE HBT QSPQFSUJFT JO UIF MVOH 1BSU *** ǋ)F
5ǉ .BHO 3FT .FE ǌǍ ǌǊǉǌǋǈ 	Ǌǈǈǉ

<ǎǑ> ,' 4UVQJD /% &MLJOT ( & 1BWMPWTLBZB + & 3FQJOF BOE 5 .FFSTNBOO &ĎFDUT PG QVM
NPOBSZ JOIBMBUJPO PO IZQFSQPMBSJ[FE LSZQUPOǐǋ NBHOFUJD SFTPOBODF 5ǉ SFMBYBUJPO 1IZT
.FE #JPM ǍǎǋǏǋǉǋǏǌǐ 	Ǌǈǉǉ

<Ǐǈ> 1 #IBĨBDIBSZB FU BM )ZQFSQPMBSJ[FE ǉǍ/NBHOFUJD SFTPOBODF 1SPD *OUM 4PD.BH 3FTPO
.FE ǉǏ ǊǌǍǉ 	ǊǈǈǑ

<Ǐǉ> $ "MSJD FU BM (BEPMJOJVN DIFMBUF DPBUFE HPME OBOPQBSUJDMFT BT DPOUSBTU BHFOUT GPS CPUI YSBZ
DPNQVUFE UPNPHSBQIZ BOENBHOFUJD SFTPOBODF JNBHJOH + "N $IFN 4PD ǉǋǈǍǑǈǐǍǑǉǍ
	Ǌǈǈǐ

ǉǐǌ
<ǏǊ> 3 1PQPWU[FS FU BM 5BSHFUFE (PME /BOPQBSUJDMFT &OBCMF.PMFDVMBS $5 *NBHJOH PG $BODFS
/BOP -FĨ ǐ ǌǍǑǋǌǍǑǎ 	Ǌǈǈǐ

<Ǐǋ> % ,JN : +FPOH BOE + " 4BOHZPOH %SVHMPBEFE BQUBNFSHPME OBOPQBSUJDMF CJPDPOKVHBUF
GPS DPNCJOFE $5 JNBHJOH BOE UIFSBQZ PG QSPTUBUF DBODFS "$4/BOP ǌ ǋǎǐǑǋǎǑǎ 	Ǌǈǉǈ

<Ǐǌ> % ,JN FU BM "OUJCJPGPVMJOH QPMZNFSDPBUFE HPME OBOPQBSUJDMFT BT B DPOUSBTU BHFOU GPS JO
WJWP YSBZ DPNQVUFE UPNPHSBQIZ JNBHJOH + "N $IFN 4PD ǉǊǑ ǏǎǎǉǏǎǎǍ 	ǊǈǈǏ

<ǏǍ> " $ 4JMWB FU BM "QQMJDBUJPO PG IZQFSUIFSNJB JOEVDFE CZ TVQFSQBSBNBHOFUJD JSPO PYJEF
OBOPQBSUJDMFT JO HMJPNB USFBUNFOU *OU + /BOPNFEJDJOF ǎ ǍǑǉǎǈǋ 	Ǌǈǉǉ

<Ǐǎ> 2 " 1BOLIVSTU + $POOPMMZ 4 , +POFT BOE + %PCTPO "QQMJDBUJPOT PG NBHOFUJD OBOPQBS
UJDMFT JO CJPNFEJDJOF + 1IZT % "QQM 1IZT ǋǎǉǎǏ 	Ǌǈǈǋ

<ǏǏ> : . ,XPO FU BM %PTFEFQFOEFOU DZUPUPYJDJUZ PG DMJOJDBMMZ SFMFWBOU DPCBMU OBOPQBSUJDMFT
BOE JPOT PO NBDSPQIBHFT JO WJUSP #JPNFE .BUFS ǌ ǈǊǍǈǉǐ 	ǊǈǈǑ

<Ǐǐ> . 4SJOJWBT FU BM ǉǑ'.3* GPS RVBOUJUBUJWF JO WJWP DFMM USBDLJOH 5SFOET #JPUFDI ǊǐǋǎǋǋǏǈ
	Ǌǈǉǈ

<ǏǑ> 3 ( 4IVMNBO # +8ZMVEB /VDMFBS.BHOFUJD 3FTPOBODF PG 4JǊǑ JO O BOE Q5ZQF 4JMJDPO
1IZT 3FW ǉǈǋ ǉǉǊǏǉǉǊǑ 	ǉǑǍǎ

<ǐǈ> / 5 #BHSBFW - 4 7MBTFOLP BOE 3 " ;IJUOJLPW 0QUJDBM PSJFOUBUJPO PG 4JǊǑ OVDMFJ JO
DPNQFOTBUFE TJMJDPO 4PW 1IZT +&51 -FĨ Ǌǋ Ǎǐǎ 	ǉǑǏǎ

<ǐǉ> ( 'FIFS /VDMFBS QPMBSJ[BUJPO WJB IPU DPOEVDUJPO FMFDUSPOT 1IZT 3FW -FĨ ǋ ǉǋǍ 	ǉǑǍǑ

<ǐǊ> % +FSPNF $ 3ZUFS BOE + . 8JOUFS 1IZTJDTǊ ǐǉ 	ǉǑǎǍ

<ǐǋ> (-BNQFM/VDMFBS EZOBNJD QPMBSJ[BUJPOCZPQUJDBM FMFDUSPOJD TBUVSBUJPO BOEPQUJDBM QVNQ
JOH JO TFNJDPOEVDUPST 1IZT 3FW -FĨ Ǌǈ ǌǑǉ 	ǉǑǎǐ

<ǐǌ> " "CSBHBN + $PNCSJTTPO BOE * 4PMPNPO $PNQU 3FOE "DBE 4DJ ǊǌǏ ǊǋǋǏ 	ǉǑǍǐ

<ǐǍ> 7 %ZBLPOPW BOE ( %FOOJOHFS 0WFSIBVTFSTIJě NFBTVSFNFOUT PO 4J1 OFBS UIF NFUBM
JOTVMBUPS USBOTJUJPO 1IZT 3FW # ǌǎ Ǎǈǈǐ 	ǉǑǑǊ

<ǐǎ> " )FOTUSB 1 %JSLTFO + 4DINJEU BOE 8 8FODLFCBDI /VDMFBS TQJO PSJFOUBUJPO WJB FMFD
USPO TQJO MPDLJOH 	/07&-
 + .BHO 3FTPO ǏǏ ǋǐǑ 	ǉǑǐǐ

<ǐǏ> " # 4QSPVM BOE. " (SFFO *NQSPWFE WBMVF GPS UIF TJMJDPO JOUSJOTJD DBSSJFS DPODFOUSBUJPO
GSPN ǊǏǍ UP ǋǏǍ , +PVSOBM PG "QQMJFE 1IZTJDT ǏǈǐǌǎǐǍǌ 	ǉǑǑǉ

<ǐǐ> 83ĉVSCFS 3 -.BĨJT :.-JV BOE + + 'JMMJCFOĉF3FMBUJPOTIJQ#FUXFFO3FTJTUJWJUZ
BOE %PQBOU %FOTJUZ GPS 1IPTQIPSVT BOE #PSPO%PQFE 4JMJDPO /#4 4QFDJBM 1VCMJDBUJPO
ǌǈǈǎǌ /BUJPOBM #VSFBV PG 4UBOEBSET 8BTIJOHUPO %$ 	ǉǑǐǉ

ǉǐǍ
<ǐǑ> & $ 3FZOIBSEU ( - )JHI BOE + " WBO 8ZL 5FNQFSBUVSF EFQFOEFODF PG TQJOTQJO BOE
TQJOMBĨJDF SFMBYBUJPO UJNFT PG QBSBNBHOFUJD OJUSPHFO EFGFDUT JO EJBNPOE + $IFN 1IZT
ǉǈǑ ǐǌǏǉ 	ǉǑǑǐ

<Ǒǈ> .+3)PDI &$3FZOIBSEU/VDMFBS TQJOMBĨJDF SFMBYBUJPO PG EJMVUF TQJOT JO TFNJDPOEVDU
JOH EJBNPOE 1IZT 3FW # ǋǏ ǑǊǊǊ 	ǉǑǐǐ

<Ǒǉ> &$ 3FZOIBSEU $+ 5FSCMBODIF ǉǋ$ SFMBYBUJPO JO OBUVSBM EJBNPOE$IFN 1IZT -FĨ ǊǎǑ
ǌǎǌ 	ǉǑǑǏ

<ǑǊ> $ + 5FSCMBODIF & $ 3FZOIBSEU 4 " 3BLJUJBOTLJB BOE + " 7BO 8ZL ǉǋ$ TQJOMBĨJDF
SFMBYBUJPO JO OBUVSBM EJBNPOE ;FFNBO SFMBYBUJPO JO ėFMET PG Ǎǈǈ UP Ǎǈǈǈ( BU ǋǈǈ , EVF UP
ėYFE QBSBNBHOFUJD OJUSPHFO EFGFDUT 4PM 4UBUF /VDM .BHO 3FTPO ǉǑ ǉǈǏ 	Ǌǈǈǉ

<Ǒǋ> 1 + $BQMBO & ) 1PJOEFYUFS # & %FBM BOE 3 3 3B[PVL &43 DFOUFST JOUFSGBDF TUBUFT
BOE PYJEF ėYFE DIBSHF JO UIFSNBMMZ PYJEJ[FE TJMJDPO XBGFST  + "QQM 1IZT Ǎǈ ǍǐǌǏ 	ǉǑǏǑ

<Ǒǌ> " "CSBHBN 1SJODJQMFT PG /VDMFBS .BHOFUJTN	0YGPSE 6OJWFSTJUZ 1SFTT ǉǑǐǋ

<ǑǍ> &- )BIO 4QJO &DIPFT 1IZT 3FW ǐǈ ǍǐǈǍǑǌ 	ǉǑǍǈ

<Ǒǎ> ):$BSS &.1VSDFMM &ĎFDUT PG EJĎVTJPOPO GSFF QSFDFTTJPO JOOVDMFBSNBHOFUJD SFTPOBODF
FYQFSJNFOUT 1IZT 3FW Ǒǌ ǎǋǈ 	ǉǑǍǌ

<ǑǏ> 4 .FJCPPN % (JMM .PEJėFE TQJOFDIP NFUIPE GPS NFBTVSJOH OVDMFBS SFMBYBUJPO UJNFT
3FW 4DJ *OTUSVN ǊǑ ǎǐǐǉ 	ǉǑǍǐ

<Ǒǐ> % -J FU BM *OUSJOTJD PSJHJO PG TQJO FDIPFT JO EJQPMBS TPMJET HFOFSBUFE CZ TUSPOH Ӎ QVMTFT 1IZT
3FW # ǏǏ Ǌǉǌǋǈǎ 	Ǌǈǈǐ

<ǑǑ> / #MPFNCFSHFO 0O UIF JOUFSBDUJPO PG OVDMFBS TQJOT JO B DSZTUBMMJOF MBĨJDF 1IZTJDB ǉǍ ǋǐǎ
	ǉǑǌǑ

<ǉǈǈ> ( 3 ,IVUTJTIWJMJ 4QJO EJĎVTJPO 4PW 1IZT 6TQ ǐ Ǐǌǋ 	ǉǑǎǎ

<ǉǈǉ> / #MPFNCFSHFO /VDMFBS NBHOFUJD SFMBYBUJPO JO TFNJDPOEVDUPST 1IZTJDB Ǌǈ ǉǉǋǈ
	ǉǑǍǌ

<ǉǈǊ> " "CSBHBN BOE . (PMENBO/VDMFBS .BHOFUJTN 0SEFS BOE %JTPSEFS	0YGPSE 6OJWFSTJUZ
1SFTT ǉǑǐǊ

<ǉǈǋ> % 4 8PMMBO %ZOBNJD OVDMFBS QPMBSJ[BUJPO XJUI BO JOIPNPHFOFPVTMZ CSPBEFOFE &43
MJOF ĉFPSZ 1IZT 3FW # ǉǋ ǋǎǏǉ 	ǉǑǏǎ

<ǉǈǌ> " 8 0WFSIBVTFS 1PMBSJ[BUJPO PG OVDMFJ JO NFUBMT 1IZT 3FW ǑǊ ǌǉǉǌǉǍ 	ǉǑǍǋ

<ǉǈǍ> 5 3 $BSWFS BOE $ 1 4MJDIUFS &YQFSJNFOUBM WFSJėDBUJPO PG UIF PWFSIBVTFS OVDMFBS QPMBS
J[BUJPO FĎFDU 1IZT 3FW ǉǈǊ ǑǏǍǑǐǈ 	ǉǑǍǎ

ǉǐǎ
<ǉǈǎ> ) )BZBTIJ 5 *UBIBTIJ , . *UPI - 4 7MBTFOLP BOE . 1 7MBTFOLP %ZOBNJD OVDMFBS
QPMBSJ[BUJPO PG ǊǑ4J OVDMFJ JO JTPUPQJDBMMZ DPOUSPMMFE QIPTQIPSVT EPQFE TJMJDPO 1IZT 3FW
# ǐǈ ǈǌǍǊǈǉ 	ǊǈǈǑ

<ǉǈǏ> " & %FNFOUZFW % ( $PSZ BOE $ 3BNBOBUIBO )JHIėFME 0WFSIBVTFS EZOBNJD OV
DMFBS QPMBSJ[BUJPO JO TJMJDPO CFMPX UIFNFUBMJOTVMBUPS USBOTJUJPO + $IFN 1IZT ǉǋǌ ǉǍǌǍǉǉ
	Ǌǈǉǉ

<ǉǈǐ> % 3 .D$BNFZ + WBO 5PM ( 8 .PSMFZ BOE $ #PFINF 'BTU OVDMFBS TQJO IZQFSQPMBS
J[BUJPO PG QIPTQIPSVT JO TJMJDPO 1IZT 3FW -FĨ ǉǈǊ ǈǊǏǎǈǉ 	ǊǈǈǑ

<ǉǈǑ> 5 + 4DINVHHF BOE $ % +FĎSJFT )JHI EZOBNJD QPMBSJ[BUJPO PG QSPUPOT 1IZT 3FW ǉǋǐ
"ǉǏǐǍ 	ǉǑǎǍ

<ǉǉǈ> ( . 7BO EFO )FVWFM 5 + # 4XBOFOCVSH BOE / + 1PVMJT 1SPUPO TQJOMBĨJDF SFMBYBUJPO
JO -B./XJUI /E 1IZTJDB Ǎǎ ǋǍǎ 	ǉǑǏǉ

<ǉǉǉ> 8#.JNT ,/BTTBV BOE +%.D(FF 4QFDUSBM EJĎVTJPO JO FMFDUSPO SFTPOBODF MJOFT 1IZT
3FW ǉǊ ǊǈǍǑǊǈǎǑ 	ǉǑǎǉ

<ǉǉǊ> * 4PMPNPO .BHOFUJD BOE &MFDUSJD 3FTPOBODF BOE 3FMBYBUJPOFE + 4DINJEU
	"NTUFSEBN/PSUI)PMMBOE ǉǑǎǋ

<ǉǉǋ> #/ 1SPWPUPSPW.BHOFUJD SFTPOBODF TBUVSBUJPO JO DSZTUBMT 4PW 1IZT +&51ǉǌ ǉǉǊǎǉǉǋǉ
	ǉǑǎǊ

<ǉǉǌ> 7" "UTBSLJO %ZOBNJD OVDMFBSQPMBSJ[BUJPO JO EJFMFDUSJD TPMJET 6TQFLIJ 'J[JDIFTLJLI
/BVL ǉǊǎ ǋǋǑ 	ǉǑǏǐ

<ǉǉǍ> . #PSHIJOJ 4QJOUFNQFSBUVSF NPEFM PG OVDMFBS EZOBNJD QPMBSJ[BUJPO VTJOH GSFF SBEJDBMT
1IZT 3FW -FĨ Ǌǈ ǌǉǑ 	ǉǑǎǐ

<ǉǉǎ> 9 (BP : $VJ 3 . -FWFOTPO - 8 $IVOH 4 /JF *O7JWPDBODFS UBSHFUJOH BOE JNBHJOH
XJUI TFNJDPOEVDUPS RVBOUVN EPUT /BU #JPUFDIOPM ȖȖ ǑǎǑǑǏǎ 	Ǌǈǈǌ

<ǉǉǏ> 8 -JV FU BM $PNQBDU CJPDPNQBUJCMF RVBOUVN EPUT GVODUJPOBMJ[FE GPS DFMMVMBS *NBHJOH +
"N$IFN 4PD ǉǋǈ ǉǊǏǌǉǊǐǌ 	Ǌǈǈǐ

<ǉǉǐ> - 3 )JSTDI FU BM /BOPTIFMMNFEJBUFE OFBSJOGSBSFE UIFSNBM UIFSBQZ PG UVNPST VOEFS
NBHOFUJD SFTPOBODF HVJEBODF 1SPD /BU "DBE 4DJǉǈǈ ǉǋǍǌǑǉǋǍǍǌ 	Ǌǈǈǋ

<ǉǉǑ> 3 8FJTTMFEFS FU BM 6MUSBTNBMM TVQFSQBSBNBHOFUJD JSPO PYJEF $IBSBDUFSJ[BUJPO PG B OFX
DMBTT PG DPOUSBTU BHFOUT GPS .3 JNBHJOH 3BEJPMPHZ ǉǏǍ ǌǐǑǌǑǋ 	ǉǑǑǈ

<ǉǊǈ> 5"UBOBTJKFWJD.4IVTUFĎ 1'BN BOE" +BTBOPĎ$BMDJVNTFOTJUJWF.3*DPOUSBTU BHFOUT
CBTFE PO TVQFSQBSBNBHOFUJD JSPO PYJEF OBOPQBSUJDMFT BOE DBMNPEVMJO 1SPD/BUM "DBE 4DJ
64" ǉǈǋ ǉǌǏǈǏǉǌǏǉǊ 	Ǌǈǈǎ

ǉǐǏ
<ǉǊǉ> . & "LFSNBO 8 $ 8 $IBO 1 -BBLLPOFO 4 / #IBUJB & 3VPTMBIUJ /BOPDSZTUBM
UBSHFUJOH *OWJWP 1SPD /BUM "DBE 4DJ 64" ǑǑ ǉǊǎǉǏǉǊǎǊǉ 	ǊǈǈǊ

<ǉǊǊ> 38FJTTMFEFS , ,FMMZ & : 4VO 5 4IUBUMBOE BOE - +PTFQITPO $FMMTQFDJėD UBSHFUJOH PG
OBOPQBSUJDMFT CZNVMUJWBMFOU BĨBDINFOU PG TNBMMNPMFDVMFT/BU #JPUFDIOPMǊǋ ǉǌǉǐǉǌǊǋ
	ǊǈǈǍ

<ǉǊǋ> % )ÕHFNBOO 7 /U[JBDISJTUPT - +PTFQITPO 3 8FJTTMFEFS )JHI UISPVHIQVU NBHOFUJD
SFTPOBODF JNBHJOH GPS FWBMVBUJOH UBSHFUFE OBOPQBSUJDMF QSPCFT #JPDPOKVHBUF $IFN ǉǋ
ǉǉǎǉǊǉ 	ǊǈǈǊ

<ǉǊǌ> % 4JNCFSH FU BM #JPNJNFUJD BNQMJėDBUJPO PG OBOPQBSUJDMF IPNJOH UP UVNPST 1SPD /BUM
"DBE 4DJ 64" ǉǈǌ ǑǋǊǑǋǎ 	Ǌǈǈǌ

<ǉǊǍ> + $ -FBXPPET FU BM )ZQFSQPMBSJ[FE )Fǋ HBT QSPEVDUJPO BOE .3 JNBHJOH PG UIF MVOH
$PODFQUT .BHO 3FTPOǉǋ ǊǏǏǊǑǋ 	Ǌǈǈǉ

<ǉǊǎ> 4 1BU[ FU BM )VNBO QVMNPOBSZ JNBHJOH BOE TQFDUSPTDPQZ XJUI IZQFSQPMBSJ[FE 9FǉǊǑ BU
ǈǊ 5 "DBE 3BEJPMǉǍ ǏǉǋǏǊǏ 	Ǌǈǈǐ

<ǉǊǏ> 5 % -BEE %.BSZFOLP : :BNBNPUP & "CF ,  . *UPI $PIFSFODF UJNF PG EFDPVQMFE
OVDMFBS TQJOT JO TJMJDPO 1IZT 3FW # Ǐǉ ǈǉǌǌǈǉ 	ǊǈǈǍ

<ǉǊǐ> " & %FNFOUZFW% ( $PSZ BOE$ 3BNBOBUIBO %ZOBNJD OVDMFBS QPMBSJ[BUJPO JO TJMJDPO
NJDSPQBSUJDMFT 1IZT 3FW -FĨ ǉǈǈ ǉǊǏǎǈǉ 	Ǌǈǈǐ

<ǉǊǑ> $ #SPXO 1BSUJDMF TJ[F EJTUSJCVUJPO CZ DFOUSJGVHBM TFEJNFOUBUJPO + 1IZT $IFN ǌǐ Ǌǌǎ
ǊǍǐ 	ǉǑǌǌ

<ǉǋǈ> ) 9V ' :BO & .POTPO BOE 3 ,PQFMNBO 3PPNUFNQFSBUVSF QSFQBSBUJPO BOE DIBSBD
UFSJ[BUJPO PG QPMZ 	FUIZMFOF HMZDPM
DPBUFE TJMJDB OBOPQBSUJDMFT GPS CJPNFEJDBM BQQMJDBUJPOT
+ #JPNFE .BUFS 3FT ǎǎ" ǐǏǈǐǏǑ 	Ǌǈǈǋ

<ǉǋǉ> 8 +JBOH # ,JN + 5 3VULB BOE8 $8 $IBO /BOPQBSUJDMFNFEJBUFE DFMMVMBS SFTQPOTF
JT TJ[FEFQFOEFOU /BUVSF /BOPUFDI ǋ ǉǌǍǉǍǈ 	Ǌǈǈǐ

<ǉǋǊ> :/JTIJ 4UVEZ PG TJMJDPOTJMJDPO EJPYJEF TUSVDUVSF CZ FMFDUSPO TQJO SFTPOBODF * +QO + "QQM
1IZT ǉǈ ǍǊǎǊ 	ǉǑǏǉ

<ǉǋǋ> 5 % 4IFO FU BM ĉF 4USVDUVSF BOE 1SPQFSUZ $IBSBDUFSJTUJDT PG "NPS
QIPVT/BOPDSZTUBMMJOF 4JMJDPO 1SPEVDFE CZ #BMM .JMMJOH + .BU 3FTFBSDI ǉǈ ǉǋǑǉǌǐ
	ǊǈǈǍ

<ǉǋǌ> - ;IBP FU BM (SBEJFOU &DIP *NBHJOH $POTJEFSBUJPOT GPS )ZQFSQPMBSJ[FE ǉǊǑ9F .3 +
.BHO 3FTPO 4FS # ǉǉǋ ǉǏǑǉǐǋ 	ǉǑǑǎ

ǉǐǐ
<ǉǋǍ> ( -FEPVY + (POH ' )VJTLFO 0 (VJMMPJT BOE $ 3FZOBVE 1IPUPMVNJOFTDFODF PG TJ[F
TFQBSBUFE TJMJDPO OBOPDSZTUBMT $POėSNBUJPO PG RVBOUVN DPOėOFNFOU "QQM 1IZT -FĨ
ǐǈ ǌǐǋǌ 	ǊǈǈǊ

<ǉǋǎ> # %FMMFZ BOE & ' 4UFJHNFJFS 4J[F EFQFOEFODF PG CBOE HBQT JO TJMJDPO OBOPTUSVDUVSFT
"QQM 1IZT -FĨ ǎǏ ǊǋǏǈ 	ǉǑǑǍ

<ǉǋǏ> 5:,JN FU BM 2VBOUVNDPOėOFNFOU FĎFDU PG TJMJDPOOBOPDSZTUBMT JO TJUV HSPXO JO TJMJDPO
OJUSJEF ėMNT "QQM 1IZT -FĨ ǐǍ ǍǋǍǍ 	Ǌǈǈǌ

<ǉǋǐ> + "QUFLBS FU BM 4JMJDPO OBOPQBSUJDMFT BT IZQFSQPMBSJ[FE NBHOFUJD SFTPOBODF JNBHJOH
BHFOUT "$4 /BOP ǋ ǌǈǈǋǌǈǈǐ 	ǊǈǈǑ

<ǉǋǑ> % 1JOFT + #BSEFFO BOE $ 1 4MJDIUFS /VDMFBS QPMBSJ[BUJPO BOE JNQVSJUZTUBUF TQJO SFMBY
BUJPO QSPDFTTFT JO TJMJDPO 1IZT 3FW ǉǈǎ ǌǐǑ 	ǉǑǍǏ

<ǉǌǈ> " :BOH FU BM 4JNVMUBOFPVT TVCTFDPOEIZQFSQPMBSJ[BUJPOPG UIF OVDMFBS BOE FMFDUSPO TQJOT
PG QIPTQIPSVT JO TJMJDPO CZ PQUJDBM QVNQJOH PG FYDJUPO USBOTJUJPOT 1IZT 3FW -FĨ ǉǈǊ
ǊǍǏǌǈǉ 	ǊǈǈǑ

<ǉǌǉ> 5 % -BEE %.BSZFOLP : :BNBNPUP & "CF BOE ,. *UPI $PIFSFODF UJNF PG EFDPV
QMFE OVDMFBS TQJOT JO TJMJDPO 1IZT 3FW # Ǐǉ ǈǉǌǌǈǉ 	ǊǈǈǍ

<ǉǌǊ> # & ,BOF " TJMJDPOCBTFE OVDMFBS TQJO RVBOUVN DPNQVUFS /BUVSF ǋǑǋ ǉǋǋ 	ǉǑǑǐ

<ǉǌǋ> 5 % -BEE + 3 (PMENBO ' :BNBHVDIJ : :BNBNPUP & "CF BOE , . *UPI "O BMM
TJMJDPO RVBOUVN DPNQVUFS 1IZT 3FW -FĨ ǐǑ ǈǉǏǑǈǉ 	ǊǈǈǊ

<ǉǌǌ> , *UPI "O "MM4JMJDPO -JOFBS $IBJO /.3 2VBOUVN $PNQVUFS 4PM 4UBU $PNN ǉǋǋ
ǏǌǏ 	ǊǈǈǍ

<ǉǌǍ> " 4 7FSIVMTU * ( 3BV : :BNBNPUP BOE , . *UPI 0QUJDBM QVNQJOH PG ǊǑ4J OVDMFBS
TQJOT JO CVML TJMJDPO BU IJHI NBHOFUJD ėFME BOE MJRVJE IFMJVN UFNQFSBUVSF 1IZT 3FW # Ǐǉ
ǊǋǍǊǈǎ 	ǊǈǈǍ

<ǉǌǎ> / 5 #BHSBFW & 1 #PDILBSFW - 4 7MBTFOLP 7 1 (SJTIJO BOE :V " ,BSQPW /VDMFBS
SFMBYBUJPO EVF UP PQUJDBM QVNQJOH PG TJMJDPO EPQFE XJUI BSTFOJD BOE CJTNVUI 4PW 1IZT
4PMJE 4UBUF Ǌǉ ǋǈǍ 	ǉǑǏǑ

<ǉǌǏ> / 5 #BHSBFW - 4 7MBTFOLP BOE 3 " ;IJUOJLPW /VDMFBS TQJOMBĨJDF SFMBYBUJPO JO EPQFE
TJMJDPO VOEFS PQUJDBM QVNQJOH DPOEJUJPOT 4PW 1IZT 4PMJE 4UBUF Ǌǌ ǉǑǏǊ 	ǉǑǐǊ

<ǉǌǐ> / 5 #BHSBFW - 4 7MBTFOLP BOE 3 " ;IJUOJLPW /VDMFBS SFMBYBUJPO JO TJMJDPO JO XFBL
NBHOFUJD ėFMET 4PW 1IZT +&51 ǌǑ ǊǏǐ 	ǉǑǏǑ

<ǉǌǑ> /5 #BHSBFW BOE- 4 7MBTFOLP0QUJDBM QPMBSJ[BUJPO PG MBĨJDF OVDMFJ JO TUSPOHMZ EFGPSNFE
TJMJDPO 4PW 1IZT 4PMJE 4UBUF Ǌǌ ǉǑǏǌ 	ǉǑǐǊ

ǉǐǑ
<ǉǍǈ> 4 : 1BJL 4 : -FF 8 + #BLFS % 3 .D$BNFZ BOE $ #PFINF 5ǉ BOE 5ǊTQJO SF
MBYBUJPO UJNF MJNJUBUJPOT PG QIPTQIPSPVT EPOPS FMFDUSPOT OFBS DSZTUBMMJOF TJMJDPO UP TJMJDPO
EJPYJEF JOUFSGBDF EFGFDUT 1IZT 3FW # ǐǉ ǈǏǍǊǉǌ 	Ǌǈǉǈ

<ǉǍǉ> . + %VJKWFTUJKO 3 "8JOE + 4NJEU " RVBOUJUBUJWF JOWFTUJHBUJPO PG UIF EZOBNJD OVDMFBS
QPMBSJ[BUJPO FĎFDU CZ ėYFE QBSBNBHOFUJD DFOUSB PG BCVOEBOU BOE SBSF TQJOT JO TPMJET BU SPPN
UFNQFSBUVSF 1IZTJDB #$ ǉǋǐ ǉǌǏ 	ǉǑǐǎ

<ǉǍǊ> $3BNBOBUIBO%ZOBNJD OVDMFBS QPMBSJ[BUJPO BOE TQJO EJĎVTJPO JO OPODPOEVDUJOH TPMJET
"QQM .BHO 3FTPO ǋǌ ǌǈǑ 	Ǌǈǈǐ

<ǉǍǋ> & 4IBCBOPWB , 4DIBVNCVSH BOE + 1 ' 4FMMTDIPQ ǉǋ$ /.3 JOWFTUJHBUJPOT PG TQJO
MBĨJDF SFMBYBUJPO JO ǑǑƻ ǉǋ$FOSJDIFE EJBNPOET + .BHO 3FTPO ǉǋǈ ǐ 	ǉǑǑǐ

<ǉǍǌ> " . 1BOJDI " * 4IBNFT ) . 7JFUI & 0TBXB . 5BLBIBTIJ BOE " :B 7VM /VDMFBS
NBHOFUJD SFTPOBODF TUVEZ PG VMUSBOBOPDSZTUBMMJOF EJBNPOET &VS 1IZT + # ǍǊ ǋǑǏ 	Ǌǈǈǎ

<ǉǍǍ> 4 ' + $PY 7 #PVĎBSE BOE. (PMENBOĉF DPVQMJOH PG UXP OVDMFBS ;FFNBO SFTFSWPJST
CZ UIF FMFDUSPOJD TQJOTQJO SFTFSWPJS + 1IZT $ 4PMJE 4UBUF 1IZT ǎ ǉǈǈ 	ǉǑǏǋ

<ǉǍǎ> . (PMENBO 4 ' + $PY BOE 7 #PVĎBSE $PVQMJOH CFUXFFO OVDMFBS ;FFNBO BOE FMFD
USPOJD TQJOTQJO JOUFSBDUJPOT JO EJFMFDUSJD TPMJET + 1IZT $ 4PMJE 4UBUF 1IZT Ǐ ǊǑǌǈ 	ǉǑǏǌ

<ǉǍǏ> 8 & #MVNCFSH /VDMFBS TQJOMBĨJDF 3FMBYBUJPO DBVTFE CZ QBSBNBHOFUJD JNQVSJUJFT 1IZT
3FW ǉǉǑ ǏǑ 	ǉǑǎǈ

<ǉǍǐ> * + -PXF BOE % 5TF /VDMFBS TQJOMBĨJDF SFMBYBUJPO WJB QBSBNBHOFUJD DFOUFST 1IZT 3FW
ǉǎǎ ǊǏǑ 	ǉǑǎǐ

<ǉǍǑ> ( . WBO EFO )FVWFM $ 5 $ )FZOJOH 5 + # 4XBOFOCVSH BOE / + 1PVMJT &YQFSJ
NFOUBM FWJEFODF PG UIF JOĚVFODF PG FMFDUSPO EJQPMF EJQPMF JOUFSBDUJPO PO OVDMFBS TQJO MBĨJDF
SFMBYBUJPO 1IZT -FĨ ǊǏ" ǋǐ 	ǉǑǎǐ

<ǉǎǈ> 8 5 8FODLFCBDL ( . WB EFS )FVWFM ) )PPHTUSBBUF 5 + # 4XBOFOCVSH BOE / +
1PVMJT &YQFSJNFOUBM QSPPG PG UIF TUSPOH DPVQMJOH CFUXFFO UIF FMFDUSPO TQJOTQJO SFTFSWPJS
BOE B OVDMFBS TQJO TZTUFN JO EJMVUF QBSBNBHOFUJD DSZTUBMT 1IZT 3FW -FĨ ǊǊ Ǎǐǉ 	ǉǑǎǑ

<ǉǎǉ> 4 5BOBLB BOE ): 'BO *NQVSJUZ DPOEVDUJPO JO QUZQF TJMJDPO BU NJDSPXBWF GSFRVFODJFT
1IZT 3FW ǉǋǊ ǉǍǉǎ 	ǉǑǎǋ

<ǉǎǊ> : ,JTTFMFW ĉF NPEVMBUJPO FĎFDU PO UIF EZOBNJD QPMBSJ[BUJPO PG OVDMFBS TQJOT /VDM *O
TUSVN .FUIPET 1IZT 3FT 	ǉǑǑǍ

<ǉǎǋ> $POUJOVPVT XBWF &43 NFBTVSFNFOUT XFSF UBLFO BU ǌ , BU B GSFRVFODZ PG Ǒǋǐǋǐ ()[
	#SVLFS ǋǈǈ &
 XJUI BO BD ėFME BNQMJUVEF ǈǈǍ N5 BOE NPEVMBUJPO GSFRVFODZ PG ǉǈǈ L)[
TXFQU GSPN Ǌǐǎ N5 UP ǋǐǎ N5 PWFS B QFSJPE PG ǉǊǈ T
ǉǑǈ
<ǉǎǌ> ĉF TVSGBDF EFGFDU EFOTJUZ XBT FTUJNBUFE CZ DPNQBSJOH UIF SFMBUJWF TJ[F PG UIF &43 TQFD
USVN UP UIBU GSPN B CVML 4J1 TBNQMF DPMPDBUFE JO UIF DBWJUZ
<ǉǎǍ> + #SBFU BOE " 4UFTNBOT 1IZTJDB # ǉǊǎ ǌǎǋǌǎǌ 	ǉǑǐǌ

<ǉǎǎ> 8 - 8JMTPO 1 ' 4[BKPXTLJ - & #SVT 2VBOUVN DPOėOFNFOU JO TJ[FTFMFDUFE TVSGBDF
PYJEJ[FE TJMJDPO OBOPDSZTUBMT 4DJFODF ǊǎǊ ǉǊǌǊ 	ǉǑǑǋ

<ǉǎǏ> " ( $VMMJT -5 $BOIBN 1 % + $BMDPĨ ĉF TUSVDUVSBM BOE MVNJOFTDFODF QSPQFSUJFT PG
QPSPVT TJMJDPO + "QQM 1IZT ǐǊ ǑǈǑ 	ǉǑǑǏ

<ǉǎǐ> # ; 5JBO FU BM $PBYJBM TJMJDPO OBOPXJSFT BT TPMBS DFMMT BOE OBOPFMFDUSPOJD QPXFS TPVSDFT
/BUVSF ǌǌǑ ǐǐǍǐǐǐ 	ǊǈǈǏ

<ǉǎǑ> 4 1JMMBJ , 3 $BUDIQPMF 5 5SVQLF BOE . " (SFFO 4VSGBDF QMBTNPO FOIBODFE TJMJDPO
TPMBS DFMMT + "QQM 1IZT ǉǈǉ ǈǑǋǉǈǍ 	ǊǈǈǏ

<ǉǏǈ> #(PEJO FU BM5BJMPSJOH UIF EFHSBEBUJPO LJOFUJDT PGNFTPQPSPVT TJMJDPO TUSVDUVSFT UISPVHI
1&(ZMBUJPO + #JPNFE.BU 3FT " Ǒǌ ǉǊǋǎǌǋ 	Ǌǈǉǈ

<ǉǏǉ> / 4JOHI FU BM #JPSFTQPOTJWF NFTPQPSPVT TJMJDB OBOPQBSUJDMFT GPS USJHHFSFE ESVH SFMFBTF +
"N $IFN 4PD ǉǋǋ ǉǑǍǐǊǉǑǍǐǍ 	Ǌǈǉǉ

<ǉǏǊ> " 1.BOO FU BM&TFMFDUJOUBSHFUFE QPSPVT TJMJDPO QBSUJDMF GPS OBOPQBSUJDMF EFMJWFSZ UP UIF
CPOF NBSSPX "EW .BUFS Ǌǋ ǊǏǐǊǐǊ 	Ǌǈǉǉ

<ǉǏǋ> & 5BTDJPĨJ FU BM/FBSJOGSBSFE JNBHJOHNFUIPE GPS UIF JO WJWP BTTFTTNFOU PG UIF CJPEJTUSJ
CVUJPO PG OBOPQPSPVT TJMJDPO QBSUJDMFT .PM *NBHJOH ǉǈ Ǎǎǎǐ 	Ǌǈǉǉ

<ǉǏǌ> - (V FU BM.BHOFUJD MVNJOFTDFOU QPSPVT TJMJDPO NJDSPQBSUJDMFT GPS MPDBMJ[FE EFMJWFSZ PG
NPMFDVMBS ESVH QBZMPBET 4NBMM ǎ ǊǍǌǎǊǍǍǊ 	Ǌǈǉǈ

<ǉǏǍ> + 4 "OBOUB FU BM (FPNFUSJDBM DPOėOFNFOU PG HBEPMJOJVNCBTFE DPOUSBTU BHFOUT JO
OBOPQPSPVT QBSUJDMFT FOIBODFT 5ǉ DPOUSBTU /BUVSF /BOPUFDI Ǎ ǐǉǍǐǊǉ 	Ǌǈǉǈ

<ǉǏǎ> $. )FTTFM &+ )FOEFSTPO +($ 7FJOPU )ZESPHFO TJMTFTRVJPYBOF " NPMFDVMBS QSF
DVSTPS GPS OBOPDSZTUBMMJOF 4J4J0Ǌ DPNQPTJUFT BOE GSFFTUBOEJOH IZESJEF TVSGBDF UFSNJOBUFE
TJMJDPO OBOPQBSUJDMFT $IFN .BU ǉǐ ǎǉǋǑǎǉǌǎ 	Ǌǈǈǎ

<ǉǏǏ> 3 % 5JMMFZ FU BM .JDSPFNVMTJPO TZOUIFTJT PG NPOPEJTQFSTF TVSGBDF TUBCJMJ[FE TJMJDPO
OBOPDSZTUBMT $IFN $PNN ǉǐǋǋǉǐǋǍ 	ǊǈǈǍ

<ǉǏǐ> + % )PMNFT FU BM )JHIMZ MVNJOFTDFOU TJMJDPO OBOPDSZTUBMT XJUI EJTDSFUF PQUJDBM USBOTJ
UJPOT + "N $IFN 4PD ǉǊǋ ǋǏǌǋ 	Ǌǈǈǉ

<ǉǏǑ> ) ,JN FU BM + "OHFXBOEUF $IFNJF*OUFSOBUJPOBM &EJUJPO ǌǑ Ǌǉǌǎ 	Ǌǈǉǈ

<ǉǐǈ> 3 " #MFZ BOE 4 . ,BV[MBSJDI -PXUFNQFSBUVSF TPMVUJPO QIBTF SPVUF GPS UIF TZOUIFTJT
PG TJMJDPO OBOPDMVTUFST + "N $IFN 4PD ǉǉǐ ǉǊǌǎǉ 	ǉǑǑǎ

ǉǑǉ
<ǉǐǉ> % /FJOFS ) 8 $IJV 4 . ,BV[MBSJDI -PXUFNQFSBUVSF TPMVUJPO SPVUF UP NBDSP
TDPQJD BNPVOUT PG IZESPHFO UFSNJOBUFE TJMJDPOOBOPQBSUJDMFT + "N$IFN 4PDǉǊǐ ǉǉǈǉǎ
	Ǌǈǈǎ

<ǉǐǊ> 3 " 8JOE . + %VJKWFTUJKO $ WBO EFS -VHU " .BOFOTDIJKO + 7SJFOE "QQMJDBUJPOT PG
EZOBNJD OVDMFBS QPMBSJ[BUJPO JO ǉǋ$/.3 JO TPMJET 1SPH /.3 4QFD ǉǏ ǋǋǎǏ 	ǉǑǐǍ

<ǉǐǋ> . -FMMJ FU BM 'BTU DIBSBDUFSJ[BUJPO PG GVODUJPOBMJ[FE TJMJDB NBUFSJBMT CZ TJMJDPOǊǑ TVSGBDF
FOIBODFE /.3 TQFDUSPTDPQZ VTJOH EZOBNJD OVDMFBS QPMBSJ[BUJPO + "N $IFN 4PD ǉǋǋ
ǊǉǈǌǊǉǈǏ 	Ǌǈǉǉ

<ǉǐǌ> 1 WBO EFS8FM FU BM %ZOBNJD OVDMFBS QPMBSJ[BUJPO PG BNZMPJEPHFOJD QFQUJEF OBOPDSZTUBMT
(//22/: B DPSF TFHNFOU PG UIF ZFBTU QSJPO QSPUFJO 4VQǋǍQ + "N $IFN 4PD ǉǊǐ 
ǉǈǐǌǈǉǈǐǌǎ 	Ǌǈǈǎ

<ǉǐǍ> #% "SNTUSPOH FU BM 4JUFTQFDJėD IZESBUJPO EZOBNJDT JO UIF OPOQPMBS DPSF PG B NPMUFO
HMPCVMF CZ EZOBNJD OVDMFBS QPMBSJ[BUJPO PG XBUFS + "N $IFN 4PD ǉǋǋ  ǍǑǐǏǍǑǑǍ
	Ǌǈǉǉ

<ǉǐǎ> 74 #BKBK FU BM 1SPD /BU "DBE 4DJ ǉǈǎ ǑǊǌǌ  ǑǊǌǑ 	ǊǈǈǑ

<ǉǐǏ> - # $BTBCJBODB FU BM 'BDUPST BĎFDUJOH %/1 /.3 JO QPMZDSZTUBMMJOF EJBNPOE TBNQMFT
+ 1IZT $IFN $ ǉǉǍ ǉǑǈǌǉ 	Ǌǈǉǉ

<ǉǐǐ> + ;PV FU BM 4PMVUJPO TZOUIFTJT PG VMUSBTUBCMF MVNJOFTDFOU TJMPYBOFDPBUFE TJMJDPO OBOPQBS
UJDMFT /BOP -FĨFST ǌ ǉǉǐǉ 	Ǌǈǈǌ

<ǉǐǑ> 1 " ĉPNBT FU BM &MFDUSPO TQJO SFTPOBODF PG VMUSBIJHI WBDVVN FWBQPSBUFE BNPSQIPVT
TJMJDPO *O TJUV BOE FY TJUV TUVEJFT 1IZT 3FW # ǉǐ ǋǈǍǑ 	ǉǑǏǐ

<ǉǑǈ> ) -PDL 3" 8JOE BOE (& .BDJFM ǊǑ4J %ZOBNJD OVDMFBS QPMBSJ[BUJPO PG EFIZESP
HFOBUFE BNPSQIPVT TJMJDPO 4PMJE 4UBUF $PNN ǎǌ ǉ ǌǉǌǌ 	ǉǑǐǏ

<ǉǑǉ> , )V 7 #BKBK . 3PTBZ BOE 3( (SJđO %ZOBNJD OVDMFBS QPMBSJ[BUJPO XJUI CJSBEJDBMT
+ $IFN 1IZT ǉǊǎ ǈǌǌǍǉǊ 	ǊǈǈǏ

<ǉǑǊ> $ 4POH FU BM )JHIGSFRVFODZ EZOBNJD OVDMFBS QPMBSJ[BUJPO VTJOH CJSBEJDBMT " NVMUJGSF
RVFODZ &13 MJOFTIBQF BOBMZTJT + "N $IFN 4PD ǉǊǐ ǉǉǋǐǍǉǉǋǑǈ 	Ǌǈǈǎ

<ǉǑǋ> 1 .JFWJMMF FU BM 4DBWFOHJOH GSFF SBEJDBMT UP QSFTFSWF FOIBODFNFOU BOE FYUFOE SFMBYBUJPO
UJNFT JO /.3 VTJOH EZOBNJD OVDMFBS QPMBSJ[BUJPO "OHFX $IFN ǉǊǊ ǎǋǉǐǎǋǊǉ 	Ǌǈǉǈ

<ǉǑǌ> ' ,VSE[FTBV FU BM %ZOBNJD OVDMFBS QPMBSJ[BUJPO PG TNBMM MBCFMMFE NPMFDVMFT JO GSP[FO
XBUFSBMDPIPM TPMVUJPOT + 1IZT % "QQM 1IZT ǌǉ ǉǍǍǍǈǎ 	Ǌǈǈǐ

ǉǑǊ
<ǉǑǍ> &3 .D$BSOFZ #% "SNTUSPOH .% -JOHXPPE BOE 4 )BO %ZOBNJD OVDMFBS QPMBSJ[B
UJPO FOIBODFE OVDMFBSNBHOFUJD SFTPOBODF BOE FMFDUSPO TQJO SFTPOBODF TUVEJFT PG IZESBUJPO
BOE MPDBM XBUFS EZOBNJDT JO NJDFMMF BOE WFTJDMF BTTFNCMJFT 1SPD /BU "DBE 4DJ ǉǈǌ ǉǏǍǌ
ǉǏǍǑ 	ǊǈǈǏ

<ǉǑǎ> " . -FBDI 1 .JMMFS & 5FMGFZBO BOE %# 8IJĨ 	(FOFSBM &MFDUSJD
 64"
64ǊǈǈǑǊǎǋǋǊǍ"ǉ 	ǊǈǈǑ

<ǉǑǏ> ) $ %PSO 5 & (MBTT 3 (JĨJ BOE , ) 5TBJ 5SBOTGFS PG ǉ ) BOE ǉǋ$ EZOBNJD OVDMFBS
QPMBSJ[BUJPO GSPN JNNPCJMJ[FE OJUSPYJEF SBEJDBMT UP ĚPXJOH MJRVJET "QQM .BHO 3FT Ǌ Ǒ
ǊǏ 	ǉǑǑǉ

<ǉǑǐ> & .D$BSOFZ BOE 4 )BO 4QJOMBCFMFE HFM GPS UIF QSPEVDUJPO PG SBEJDBMGSFF EZOBNJD OV
DMFBS QPMBSJ[BUJPO FOIBODFE NPMFDVMFT GPS /.3 TQFDUSPTDPQZ BOE JNBHJOH + .BHO 3FT
ǉǑǈ ǋǈǏǋǉǍ 	Ǌǈǈǐ

<ǉǑǑ> %3BěFSZ FU BM4QJOQPMBSJ[FE YFOPOǉǊǑ/.3TUVEZ PG B QPMZNFS TVSGBDF + 1IZT $IFN
ǑǏ ǉǎǌǑǉǎǍǍ 	ǉǑǑǋ

<Ǌǈǈ> - (PFISJOH BOE $+ .JDIBM /VDMFBS TQJO QPMBSJ[BUJPO USBOTGFS BDSPTT BO PSHBOJD
TFNJDPOEVDUPS JOUFSGBDF $IFN 1IZT ǉǉǑ ǉǈǋǊǍǉǈǋǊǐ 	Ǌǈǈǋ

<Ǌǈǉ> " (PUP 5 4IJNJ[V , )BTIJ BOE 4 0ILJ "QQM 1IZT " 4VSGBDFTFOTJUJWF /.3 JO PQUJ
DBMMZ QVNQFE TFNJDPOEVDUPST "QQM 1IZT " Ǒǋ ǍǋǋǍǋǎ 	Ǌǈǈǐ

<ǊǈǊ> 35ZDLP0QUJDBM QVNQJOH JO JOEJVNQIPTQIJEF 1ǋǉ/.3NFBTVSFNFOUT BOE QPUFOUJBM
GPS TJHOBM FOIBODFNFOU JO CJPMPHJDBM TPMJE TUBUF /.3 4PMJE 4UBUF /VDM .BHO 3FTPO ǉǉ ǉ
	ǉǑǑǐ

<Ǌǈǋ> $#PXFST FU BM $SPTT QPMBSJ[BUJPO GSPN MBTFSQPMBSJ[FE TPMJE YFOPO UP 	$PǊ
$ǉǋCZ MPX
ėFME UIFSNBM NJYJOH $IFN 1IZT -FĨ ǊǈǍ ǉǎǐǉǏǈ 	ǉǑǑǋ

<Ǌǈǌ> & &SC + - .PUDIBOF BOE + 6FCFSTGFME &ĎFDU PG OVDMFBS QPMBSJ[BUJPO JO MJRVJET BOE HBT
BETPSCFE PO DIBSDPBM $PNQU 3FOEǊǌǋ ǊǉǊǉǊǉǊǋ 	ǉǑǍǐ

<ǊǈǍ> +8 "HFS FU BM )JHI1VSJUZ *TPUPQJDBMMZ FOSJDIFE CVML TJMJDPO TFNJDPOEVDUPS EFWJDFT NB
UFSJBMT BOE QSPDFTTJOH + &MFDUSPDIFN 4PD ǉǍǊ ǌǌǐǌǍǉ 	ǊǈǈǍ

<Ǌǈǎ> ) $IP FU BM -PX UFNQFSBUVSF QSPCF GPS EZOBNJD OVDMFBS QPMBSJ[BUJPO BOENVMUJQMFQVMTF
TPMJETUBUF /.3 + .BHO 3FT ǉǐǏ ǊǌǊǊǍǈ 	ǊǈǈǏ

<ǊǈǏ> ĉF OBSSPX 	∼ ƩƤƤ )[
 QFBL JO UIF PUIFSXJTF CSPBE 	∼ Ʀ L)[
 Ʀƭ4J TQFDUSVN FNFSHFT
POMZ GPS UJNFT  ǎǈǈ T ĉJT QFBL DPSSFTQPOET UP Ʀƭ4J OVDMFJ MPDBUFE JO DSZTUBMMJOF TFDUJPOT
PG UIF 4J/1 UIBU BSF QPMBSJ[FE CZ OVDMFBS TQJO EJĎVTJPO GSPN Ʀƭ4J OVDMFJ 	UIBU NBLF VQ UIF
CSPBE MJOF
 MPDBUFE OFBS UIF QPMBSJ[JOH FMFDUSPOT
<Ǌǈǐ> 1+ $BQMBO + / )FMCFSU #& 8BHOFS BOE &) 1PJOEFYUFS 1BSBNBHOFUJD EFGFDUT JO TJMJ
DPOTJMJDPO EJPYJEF TZTUFNT 4VSG 4DJ Ǎǌ ǋǋǌǊ 	ǉǑǏǎ

ǉǑǋ
<ǊǈǑ> ĉF TVSGBDF EFGFDU EFOTJUZ XBT FTUJNBUFE CZ DPNQBSJOH UIF SFMBUJWF TJ[F PG UIF &43 TQFD
USVN UP UIBU GSPN B CVML 4J1 TBNQMF DPMPDBUFE JO UIF DBWJUZ
<Ǌǉǈ> 4 $MPVHI FU BM ĉF JOEFQFOEFODF PG NFUIZM HSPVQ SPUBUJPO BOE QSPUPO TQJO TZNNFUSZ JO
DSZTUBMT  + 1IZT $ 4PMJE 4UBUF 1IZT ǉǍ ǊǌǑǍǊǍǈǐ 	ǉǑǐǊ

<Ǌǉǉ> + "SEFOLKBFS-BSTFO 4 .BDIPMM BOE) +PIBOOFTTPO %ZOBNJD OVDMFBS QPMBSJ[BUJPO XJUI
USJUZMT BU ǉǊ , "QQM .BHO 3FT ǋǌ ǍǈǑǍǊǊ 	Ǌǈǈǐ

<ǊǉǊ> " -FTBHF FU BM 4VSGBDF FOIBODFE /.3 TQFDUSPTDPQZ CZ EZOBNJD OVDMFBS QPMBSJ[BUJPO +
"N $IFN 4PD ǉǋǊ ǉǍǌǍǑǉǍǌǎǉ 	Ǌǈǉǈ

<Ǌǉǋ> "* 4IBNFT FU BM %FGFDUT BOE JNQVSJUJFT JO OBOPEJBNPOET &13 /.3 BOE 5&. TUVEZ
+ 1IZT $IFN 4PMJET ǎǋ ǉǑǑǋǊǈǈǉ 	ǊǈǈǊ

<Ǌǉǌ> $ 5V FU BM 1&5 JNBHJOH BOE CJPEJTUSJCVUJPO PG TJMJDPO RVBOUVN EPUT JO NJDF "$4.FE
$IFN -FĨ Ǌ ǊǐǍǊǐǐ 	Ǌǈǉǉ

<ǊǉǍ> 3 8 .BJS FU BM ǋ)F MVOH JNBHJOH JO BO PQFO BDDFTT WFSZMPXėFME IVNBO NBHOFUJD SFT
POBODF JNBHJOH TZTUFN .BH 3FT .FE Ǎǋ ǏǌǍǏǌǑ 	ǊǈǈǍ

<Ǌǉǎ> - 4 #PVDIBSE FU BM 1JDPNPMBS TFOTJUJWJUZ .3* BOE QIPUPBDPVTUJD JNBHJOH PG DPCBMU
OBOPQBSUJDMFT 1SPD /BUM "DBE 4DJ 64" ǉǈǎ ǌǈǐǍǌǈǐǑ 	ǊǈǈǑ

<ǊǉǏ> & 5 "ISFOT 3 'MPSFT ) 9V BOE 1 " .PSFM *O WJWP JNBHJOH QMBUGPSN GPS USBDLJOH JN
NVOPUIFSBQFVUJD DFMMT /BU #JPUFDI Ǌǋ Ǒǐǋ  ǑǐǏ 	ǊǈǈǍ

<Ǌǉǐ> ) 8 6NTDIBEFO FU BM 4NBMM#PXFM %JTFBTF $PNQBSJTPO PG .3 &OUFSPDMZTJT *NBHFT
XJUI $POWFOUJPOBM &OUFSPDMZTJT BOE 4VSHJDBM 'JOEJOHT 3BEJPMPHZ ǊǉǍ ǏǉǏǏǊǍ 	Ǌǈǈǈ

<ǊǉǑ> 3 +VHEBPITJOHI FU BM %JFUBSZ TJMJDPO JOUBLF JT QPTJUJWFMZ BTTPDJBUFE XJUI CPOF NJOFSBM
EFOTJUZ JO NFO BOE QSFNFOPQBVTBM XPNFO PG UIF 'SBNJOHIBN 0ĎTQSJOH DPIPSU + #POF
.JOFS 3FT ǉǑ ǊǑǏǋǈǏ 	Ǌǈǈǌ

<ǊǊǈ> - 5 $BOIBN/BOPTDBMF TFNJDPOEVDUJOH TJMJDPO BT B OVUSJUJPOBM GPPE BEEJUJWF /BOPUFDI
OPMPHZ ǉǐ ǉǐǍǏǈǌ 	ǊǈǈǏ

<ǊǊǉ> / 5 #BHSBFW - 4 7MBTFOLP BOE 3 " ;IJUOJLPW 0QUJDBM PSJFOUBUJPO PG ǊǑ4J OVDMFJ JO
OUZQF TJMJDPO BOE JUT EFQFOEFODF PO UIF QVNQJOH MJHIU JOUFOTJUZ 4PW 1IZT +&51 ǌǌ Ǎǈǈ
	ǉǑǏǎ

<ǊǊǊ> / 5 #BHSBFW - 4 7MBTFOLP BOE 3 " ;IJUOJLPW %ZOBNJD QPMBSJ[BUJPO BOE NBHOFUJD
SFTPOBODF PG OVDMFBS NPNFOUT JO PQUJDBMMZ QVNQFE TJMJDPO 4PW 1IZT 4PMJE 4UBUF ǉǑ ǉǌǎǏ
	ǉǑǏǏ

<ǊǊǋ> / 5 #BHSBFW BOE - 4 7MBTFOLP 4QFDUSBM EJTUSJCVUJPO PG QPMBSJ[BUJPO PG OVDMFJ JO JNQVSJUZ
BCTPSQUJPO PG MJHIU JO TJMJDPO 4PW 1IZT +&51 -FĨ Ǌǐ ǌǐǐ 	ǉǑǏǐ

ǉǑǌ
<ǊǊǌ> 64 'PPE BOE %SVH "ENJOJTUSBUJPO 'PPE BEEJUJWFT QFSNJĨFE GPS EJSFDU BEEJUJPO UP GPPE
GPS IVNBO DPOTVNQUJPO  BOUJDBLJOH BHFOUT Ǌǉ$'3ǉǏǊǌǐǈ 	Ǌǈǉǉ

<ǊǊǍ> " 4 ĉBLPS FU BMĉF GBUF BOE UPYJDJUZ PG SBNBOBDUJWF TJMJDBHPME OBOPQBSUJDMFT JO NJDF
4DJ 5SBOTM .FE ǋ ǏǑSBǋǋ 	Ǌǈǉǉ

<ǊǊǎ> (FSJPO % FU BM 4ZOUIFTJT BOE 1SPQFSUJFT PG #JPDPNQBUJCMF 8BUFS4PMVCMF 4JMJDB$PBUFE
$E4F;O4 4FNJDPOEVDUPS 2VBOUVN%PUT + 1IZT $IFN # ǉǈǍ ǐǐǎǉǐǐǏǉ 	Ǌǈǈǉ

<ǊǊǏ> 4FMWBO 4 5 1BUSB 1, "OH $ : BOE:JOH + : 4ZOUIFTJT PG TJMJDBDPBUFE TFNJDPOEVDUPS
BOENBHOFUJD RVBOUVNEPUT BOE UIFJS VTF JO UIF JNBHJOHPG MJWF DFMMT "OHFX$IFN *OU &E
ǌǎ ǊǌǌǐǊǌǍǊ 	ǊǈǈǏ

<ǊǊǐ> * . ,SJFHFS BOE ' . 0/FJMM %JĎSBDUJPO PG MJHIU CZ BSSBZT PG DPMMPJEBM TQIFSFT + "N
$IFN 4PD Ǒǈ ǋǉǉǌǋǉǊǈ 	ǉǑǎǐ

<ǊǊǑ> % & "TQOFT 0QUJDBM GVODUJPOT PG JOUSJOTJD 4J 5BCMF PG SFGSBDUJWF JOEFY FYUJODUJPO DPFđ
DJFOU BOE BCTPSQUJPO DPFđDJFOU WT FOFSHZ 	ǈ UP ǌǈǈ F7
 1SPQFSUJFT PG 4JMJDPO &.*4 %BUBSF
WJFXT 4FSJFT /P Ș-POEPO *OTUJUVUJPO PG &MFDUSJDBM &OHJOFFST 	ǉǑǐǐ

<Ǌǋǈ> & 'VLVTIJNB BOE 4 # 8 3PFEFS &YQFSJNFOUBM 1VMTF /.3	8FTUWJFX 1SFTT ǉǑǐǉ

<Ǌǋǉ> 4 $IVOH FU BM #JPMPHJDBM TFOTJOH XJUI NBHOFUJD OBOPQBSUJDMFT VTJOH #SPXOJBO SFMBYBUJPO
+ "QQM 1IZT ǑǏ ǉǈ3ǉǈǉ 	ǊǈǈǍ

<ǊǋǊ> + -BOHFB FU BM .BHOFUPSFMBYPNFUSZ  B OFX CJOEJOH TQFDJėD EFUFDUJPO NFUIPE CBTFE PO
NBHOFUJD OBOPQBSUJDMFT + .BHO .BHO .BUFS ǊǍǊ ǋǐǉǋǐǋ 	ǊǈǈǊ

<Ǌǋǋ> + 1 :FTJOPXTLJ )JHISFTPMVUJPO /.3 TQFDUSPTDPQZ PG TPMJET BOE TVSGBDFBETPSCFE
TQFDJFT JO DPMMPJEBM TVTQFOTJPO QIPTQIPSVTǋǉ/.3TQFDUSB PG IZESPYZBQBUJUF BOEEJQIPT
QIPOBUFT + "N $IFN 4PD ǉǈǋ ǎǊǎǎ 	ǉǑǐǉ

<Ǌǋǌ> 7 -FCSFU FU BM 4VSGBDF GVODUJPOBMJ[BUJPO PG UXPQIPUPO EZFEPQFE NFTPQPSPVT TJMJDB
OBOPQBSUJDMFT XJUI GPMJD BDJE +4PM(FM 4DJFODF BOE 5FDIOPMPHZ ǌǐ ǋǊǋǑ 	Ǌǈǈǐ

<ǊǋǍ> , ,FMMZ FU BM %FUFDUJPO PG &BSMZ 1SPTUBUF$BODFS6TJOH B)FQTJO5BSHFUFE *NBHJOH"HFOU
$BODFS 3FT ǎǐ ǊǊǐǎǊǊǑǉ	Ǌǈǈǐ

<Ǌǋǎ> . 'FSSBSJ $BODFS OBOPUFDIOPMPHZ 0QQPSUVOJUJFT BOE DIBMMFOHFT /BU 3FW $BODFS Ǎ
ǉǎǉǉǏǉ 	ǊǈǈǍ

<ǊǋǏ> + /BN FU BM /BOPQBSUJDMF#BTFE #JP#BS $PEFT GPS UIF 6MUSBTFOTJUJWF %FUFDUJPO PG 1SP
UFJOT 4DJFODF ǋǈǉ ǉǐǐǌǉǐǐǎ 	Ǌǈǈǋ

<Ǌǋǐ> 5 +TTBOH FU BM 1IPUPO DPSSFMBUJPO TQFDUSPTDPQZ PG IVNBO *H( 1SPUFJO$IFN Ǐ ǉǎǍǉǏǉ
	ǉǑǐǐ

ǉǑǍ
<ǊǋǑ> & "OHMJO FU BM 1PSPVT TJMJDPO JO ESVH EFMJWFSZ EFWJDFT BOENBUFSJBMT "EW %SVH%FMJW 3FW
ǎǈ ǉǊǎǎǉǊǏǏ 	Ǌǈǈǐ

<Ǌǌǈ> " "RJM FU BM .BHOFUJD OBOPQBSUJDMFT DPBUFE CZ UFNQFSBUVSF SFTQPOTJWF DPQPMZNFST GPS
IZQFSUIFSNJB + .BU $IFN ǉǐ ǋǋǍǊǋǋǎǈ 	Ǌǈǈǐ

ǉǑǎ
A
%FTJHO BOE DPOĞSVČJPO PG UIF%/1/.3
TZĞFN
"ǉ *łŉŇŃĸŊķŉĽŃł
5XP/.3%/1TFUVQTXFSF CVJMU CZ UIF BVUIPS BT QBSU PG UIF UIFTJT 0OF TFUVQXBT MPDBUFE JO UIF
.BSDVT -BC BU)BSWBSE6OJWFSTJUZ BOE UIF PUIFS JO UIF &OIBODFE.3-BC BU)VOUJOHUPO.FEJDBM
3FTFBSDI *OTUJUVUFT JO 1BTBEFOB $" BOE MBUFS NPWFE UP UIF 4NBMM "OJNBM *NBHJOH 'BDJMJUZ BU.%
"OEFSTPO $BODFS $FOUFS JO )PVTUPO 59ĉF)BSWBSE/.3NBHOFU XBT B ǉǑǐǊ0YGPSE OBSSPX
CPSF 	Ǎǌ NN *%
 NBHOFU PCUBJOFE GSPN UIF /.3 GBDJMJUZ JO UIF $IFNJTUSZ EFQBSUNFOU BU )BS
WBSE 6OJWFSTJUZ ĉF ).3*.%" NBHOFU XBT B ǊǈǈǊ 0YGPSE XJEF CPSF 	ǐǑ NN *%
 PCUBJOFE
GSPN UIF :BNBNPUP -BC BU 4UBOGPSE 6OJWFSTJUZ #PUI NBHOFUT XFSF QPXFSFE VQ UP ǊǐǑ 5 UP CF
DPNQBUJCMF XJUI UIF NJDSPXBWF FRVJQNFOU BWBJMBCMF " QJDUVSF PG UIF %/1 TZTUFN BU )BSWBSE
XJUI LFZ DPNQPOFOUT MBCFMMFE JT TIPXO JO 'JH "ǉǉ ĉF SFTU PG UIJT BQQFOEJY JT EFWPUFE UP B
EFTDSJQUJPO PG FBDI PG UIF DPNQPOFOUT PG UIF DPNCJOFE /.3%/1 TZTUFN
"Ǌ 3ŃŃŁ ŉĹŁńĹŇĵŉŊŇĹ/.3 ńŇŃĶĹ
ĉJT XBT B TVNNFS QSPKFDU GPS IJHI TDIPPM TUVEFOU 4BN 3PESJRVFT TVQFSWJTFE CZ UIF BVUIPS
" DVTUPN /.3 QSPCF XBT CVJMU GPS SPPN UFNQFSBUVSF /.3 NFBTVSFNFOUT BU ǊǐǑ 5 ĉF NBH
OFUJD ėFME TUVEJFT QFSGPSNFE JO $IBQUFS ǌ SFRVJSFE SBQJE USBOTJUJOH 	 ǉ T
 PG UIF QSPCF CFUXFFO
IJHI BOE MPX ėFME FOWJSPONFOUT 5PNJOJNJ[F UIF FĎFDU PG FEEZ DVSSFOUT XIJDIXPVME TMPX EPXO
UIJT USBOTJU XF DPOTUSVDUFE UIF QSPCF CPEZ GSPN ėCFSHMBTT UVCJOH 	'3ǌ(ǉǈ .DNBTUFS $BSS

'JH "Ǌǉ	B
 ĉF EJBNFUFS XBT LFQU UJHIU XJUI UIFNBHOFU CPSF TP UIBU UIF DPJM XPVME CF DFOUFSFE
ǉǑǏ
6B;m`2 XRXR,  TB+im`2 Q7 i?2 >`p`/ .LS TQH`Bx2` b?QrBM; F2v +QKTQM2MibX
JO UIF NBHOFU 'JCFSHMBTT DPNQPOFOUT XFSF IFME UPHFUIFS XJUI B UXP QBSU FQPYZ 	4UZDBTU ǉǊǎǎ
&MMTXPSUI "EIFTJWF
 ĉF FOE QMBUF PG UIF QSPCF CPEZ XBT NBEF GSPN UIJO BMVNJOVN TIFFUJOH
TP UIBU UIF SFTPOBOU DJSDVJU XPVME CF TIJFMEFE GSPN FMFDUSJDBM OPJTF /PONBHOFUJD DPQQFS TFNJ
SJHJE DPBYJBM DBCMF 	65ǐǍ $ .JDSPTUPDL *OD
 XBT VTFE CFUXFFO UIF UPQ QMBUF BOE UIF 1$# "
TNBMM QPSU XBT ESJMMFE JO UIF UPQ QMBUF UIBU BMMPXFE BO PQUJDBM ėCFS UP QBTT UISPVHI UIF QSPCF CPEZ
UP JMMVNJOBUF UIF TBNQMF GPS UIF NFBTVSFNFOUT JO $IBQUFS Ǒ
" DVTUPN QSJOUFE DJSDVJU CPBSE 	1$#
 XBT NBOVGBDUVSFE 	4VOTUPOF $JSDVJUT
 UP IPME UIF FMF
NFOUT PG UIF SFTPOBOU DJSDVJU 	'JH "Ǌǉ	CD

 ĉF 1$# EFTJHO BMMPXFE GPSNVMUJQMF QSPCF IFBET
UP CF CVJMU BOE FBTJMZ JOUFSDIBOHFE GPS NFBTVSFNFOUT PG EJĎFSFOU OVDMFBS TQFDJFT ĉF 1$# XBT
B NJDSPTUSJQ EFTJHO DPOTUSVDUFE GSPN '3ǌ ėCFSHMBTT CPBSE NFUBMMJ[FE XJUI TJMWFSQMBUFE DPQQFS
USBDLT BOE EFTJHOFE UP CF Ǎǈ ϕ NBUDIFE JO UIF .)[ GSFRVFODZ SBOHF ĉF CBDLQMBOF XBT SF
NPWFE OFBS UIF BDUJWF SFHJPO PG UIF DPJM UP QSFWFOU MPTTFT /PONBHOFUJD IJHI WPMUBHF WBSJBCMF
DBQBDJUPST 	/."ǍǍ)7&  7PMUSPOJDT $PSQ
XFSF VTFE GPS UVOJOH BOENBUDIJOH UIF QSPCF 'JCFS
HMBTT SPET XFSF ėĨFE UP UIF FOE PG UIF DBQBDJUPST BMMPXFE UIF QSPCF UP CF UVOFE XIJMF JOTJEF UIF
NBHOFU " ǏUVSO TPMFOPJEBM QJDLVQ DPJM NBEF GSPN QVSF DPQQFS XJSF 	"8(
 UIBU XBT XPVOE UP
ėU UJHIUMZ BSPVOE UIF TBNQMF UVCF UP NBYJNJ[F UIF ėMMJOH GBDUPS
"ǋ $ŇŏŃĻĹłĽķ %/1/.3 ńŇŃĶĹ
*OJUJBM %/1NFBTVSFNFOUT XFSF EPOF BU ǌǊ, JO B TFSJFT PG IPNFCVJMU CVDLFU TUZMF DSZPTUBUT DPO
TUSVDUFE GSPN ėCFSHMBTT UVCJOH XJUI BMVNJOJ[FE NZMBS BT TVQFSJOTVMBUJPO " WBSJFUZ PG FQPYJFT
	-03ǋǈǍ 4UZDBTU ǊǐǍǈ'5#MVF &MMTXPSUI
 XFSF USJFE UP KPJO UIF ėCFSHMBTT QBSUT )PXFWFS BMM
ǉǑǐ
6B;m`2 XkXR, UV h?2 `QQK i2KT2`im`2 LJ_ T`Q#2X U# @ +V 6`QMi M/ #+F Q7 i?2 T`BMi2/
+B`+mBi #Q`/ b?QrBM; i?2 imMBM; M/ Ki+?BM; +T+BiQ`b M/ bQH2MQB/ +QBHX
WFSTJPOT PG UIF DSZPTUBUT FWFOUVBMMZ EFWFMPQFE DPME MFBLT EVF UP TMJHIUMZ EJĎFSFOU DPOUSBDUJPO SBUFT
CFUXFFO UIF DZMJOESJDBM UVCFT BOE ĚBU QMBUFT UIBU XFSF OPU BCMF UP CF SFQBJSFE BOE UIF DSZPTUBUT
SFOEFSFE VTFMFTT
" TUBJOMFTT TUFFM ĚPX DSZPTUBU 	4QFDUSPTUBU/.3 0YGPSE *OTUSVNFOUT
 XJUI BO PQFSBUJOH UFN
QFSBUVSF PG ǉǍ ,ǌǈǈ , XBT DPNNJTTJPOFE 	'JH "ǋǉ
 5XP NPSF PG UIFTF TUZMF DSZPTUBUT XFSF
TVCTFRVFOUMZ PCUBJOFE GSPN UIF :BNBNPUP -BC BU 4UBOGPSE GPS VTF JO UIF XJEFCPSF NBHOFU "
MPX UFNQFSBUVSF JOTFSU XBT EFTJHOFE BOE CVJMU CZ UIF BVUIPS GPS FBDI PG UIF DSZPTUBUT ĉF GSBNF
GPS UIF JOTFSUXBTNBEF GSPNOPONBHOFUJD TUBJOMFTT TUFFM BOE DPOTUSVDUFE CZ0YGPSE *OTUSVNFOUT
ĉF JOTFSU XBT EFTJHOFE XJUI UXP LFZ SFRVJSFNFOUT 'JSTU JU IBE UP ėU JO UIF WFSZ OBSSPX CPSF PG
UIF DSZPTUBU 	ǊǐNN *%
 XJUI BEFRVBUF IFMJVN ĚPX BOE TFDPOE UIF TBNQMF IBE UP CF SFNPWBCMF
GSPN CBTF UFNQFSBUVSF UP SPPN UFNQFSBUVSF JO MFTT UIBO ǉ T
ĉF TBNQMF XBT BĨBDIFE BU UIF FOE PG B ǈǉǊǍu ėCFSHMBTT SPE BOE MPBEFE UISPVHI UIF TBNQMF
QPSU BU UIF UPQ PG UIF DSZPTUBU ĉJT MPBEJOH DPVME POMZ IBQQFO XIFO UIF TZTUFN XBT BU SPPN
UFNQFSBUVSF PS PWFSQSFTTVSFE XJUI IFMJVN HBT BU CBTF UFNQFSBUVSF " SVCCFS PSJOH TFBM LFQU UIF
TZTUFN WBDVVN UJHIU
ĉF JOTFSU XBT XJSFE XJUI ǉǈ %$ MJOFT PO B DPQQFS MPPN BOE Ǌ TFNJ SJHJE $V DPBYJBM DBCMFT
GPS IJHI GSFRVFODZ NFBTVSFNFOUT $SZPHFOJD WBSJBCMF DBQBDJUPST 	/.$#ǉǈǍ$,& 7PMUSPOJDT
$PSQ
 XFSF VTFE GPS UVOJOH BOE NBUDIJOH UIF QSPCF ĉFTF DBQBDJUPST XFSF MPDBUFE DMPTF UP UIF
QJDLVQ DPJM 	'JH "ǋǊ
 BOE ėCFSHMBTT UVOJOH SPET FYUFOEFE GSPN UIF DBQBDJUPS TIBěT UP UIF UPQ
PG UIF JOTFSU TP UIBU UIF UVOJOH BOENBUDIJOH DPVME CF BEKVTUFE BU SPPN UFNQFSBUVSF " UISFFUVSO
TBEEMF DPJM NBEF GSPN IJHI QVSJUZ DPQQFS XJSF XBT VTFE BT UIF /.3 QJDLVQ DPJM " NBKPS TPVSDF
PG NFBTVSFNFOU JOTUBCJMJUZ XBT QSPCF EFUVOJOH DBVTFE CZ TUSVDUVSBM WJCSBUJPOT GSPN QVNQJOH SF
TVMUJOH JO TMJHIU DBQBDJUBODF TIJěT 5P NJOJNJ[F UIFTF WJCSBUJPOT UIF DBQBDJUPST XFSF ėYFE POUP B
ǉǑǑ
Sample Port
Waveguide 
Feedthrough
2 x SMA
Feedthrough
Tuning Rods
Fiber 
Feedthrough
Pumping 
Port
DC Lines
3 x M3 Screws
Oring Seal
6B;m`2 XjXR, a+?2KiB+ /`rBM;b Q7 i?2 >`p`/ +`vQbii M/ iQT Q7 i?2 BMb2`i b?QrBM; F2v
72im`2bX
ėCFSHMBTT QMBUF BOE UIF DPJM GPSN NJMMFE JOUP UIF PVUFS TFDUJPO PG B ėCFSHMBTT SPE "O BEEJUJPOBM
CBĔF BU UIF FOE UJQ PG UIF QSPCF GVSUIFS SFEVDFE WJCSBUJPOT FTQFDJBMMZ GPS IJHIFS GSFRVFODZ OVDMFJ
" QJDUVSF PG UIF FOE QJFDF PG UIF JOTFSU JT TIPXO JO 'JH "ǋǊ " IBMGXBWFMFOHUI USBOTNJTTJPO
MJOF QSPCF XBT UFTUFE BT BO BMUFSOBUJWF GPS SFEVDJOH TNBMM WJCSBUJPO JOEVDFE DBQBDJUBODF TIJěT 	
	'JH "ǋǋ

 *O UIJT EFTJHO TNBMM ėYFE DBQBDJUPST BSF VTFE UP BQQSPYJNBUFMZ UVCF UIF QSPCF ĉF
MBSHFS WBSJBCMF DBQBDJUPST BSF MPDBUFE BU SPPN UFNQFSBUVSF BOE BSF TFQBSBUFE GSPN UIF SFTPOBOU
DJSDVJU CZ B USBOTNJTTJPO MJOF PG MFOHUI - = Ӈ/Ʀ "MUIPVHI UIFPSFUJDBMMZ UIF TBNF DJSDVJU XF
GPVOE UIBU UIF SFNPUF UVOJOH EFTJHO XBT MFTT FđDJFOU BOE CSPVHIU BCPVU BEEJUJPOBM SG OPJTF JOUP
UIF TFUVQ
" OVNCFS PG EJĎFSFOU QVNQJOH DPOėHVSBUJPOT XFSF VTFE EFQFOEJOH PO UIFNPEF PG PQFSBUJPO
SFRVJSFE 'PS DPOUJOVPVT ĚPX PQFSBUJPO BU HSFBUFS UIBO ǋǍ , B TNBMM EJBQISBHN QVNQ XBT BU
UBDIFE UP UIF SFUVSO PG UIF USBOTGFS MJOF 4MJHIUMZ MPXFS UFNQFSBUVSFT 	ǋ ,
 DPVME CF BDIJFWFE JO
DPOUJOVPVT ĚPX PQFSBUJPO CZ VTJOH B ESZ TDSPMM QVNQ 	&EXBSET ǋǍ PS 7BSJBO54ǎǈǈ
 JO UIF TBNF
DPOėHVSBUJPO &WFO MPXFS UFNQFSBUVSFT DPVME CF BDIJFWFE CZ DPOOFDUJOH UIF TDSPMM QVNQ FJUIFS
CZ JUTFMG 	5  Ǌ ,
 PS UPHFUIFS XJUI B SPPUT CMPXFS 	5  ǉǍ ,
 EJSFDUMZ UP UIF NBJO CBUI PG UIF
DSZPTUBU ĉF MJNJUJOH GBDUPS JO BDIJFWJOH MPXFS UFNQFSBUVSFT XBT UIF ĚPX UIBU DPVME CF BDIJFWFE
UISPVHI UIF CPEZ PG UIF DSZPTUBU " DFSOPY UFNQFSBUVSF TFOTPS DBQBCMF GPS TFOTJOH ǉǌ ,  ǉǈǈ ,
	$9ǉǈǉǈ""ǉǌ% -BLFTIPSF
 XBT BĨBDIFE UP UIF PVUTJEF PG UIF TBEEMF DPJM BOE B ǌXJSF NFB
TVSFNFOU QFSGPSNFE UP SFBE UIF UFNQFSBUVSF PG UIF TBNQMF EVSJOH NJDSPXBWF JSSBEJBUJPO
Ǌǈǈ
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CT CM
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6B;m`2 XjXk, h?2 .LS T`Q#2 b?QrBM; i?2 HQ+iBQM Q7 i?2 +T+BiQ`b 7Q` i?2 `2bQMMi +B`@
+mBi rBi? M/ rBi?Qmi QTiB+H BHHmKBMiBQMX >QH2b r2`2 /`BHH2/ BM i?2 bmTTQ`i bi`m+im`2 iQ 2M@
bm`2 ;QQ/ ?2HBmK ~Qr /B`2+iHv Tbi i?2 bKTH2X
(a)
LCT
CM
(b)
CT
CM
λ/2
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6B;m`2 XjXj, hmMBM; Q7 i?2 `2bQMMi +B`+mBi rb +?B2p2/ #v mb2 Q7 UV HQ+H p`B#H2 +T+@
BiQ`b Q` U#V mbBM;  `2KQi2 i`MbKBbbBQM HBM2 /2bB;MXX
Ǌǈǉ
Gunn Diode
80-82 GHz
+20 dBm
Modulator
Function Generator+15 V
Isolator Directional 
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Transition
Spectrum
Analyzer8 GHz
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6B;m`2 XjX9, a+?2KiB+ Q7 i?2 KB+`Qrp2 2H2+i`QMB+b b2imT b?QrBM; F2v 2H2K2MibX
"ǋǉ .ĽķŇŃŌĵŋĹ &ŀĹķŉŇŃłĽķň
" WBSJFUZ PG NFUIPET DBO CF VTFE UP HFOFSBUF IJHI GSFRVFODZ NJDSPXBWF TJHOBMT 'PS MPX QPXFST
	HFOFSBMMZ  ǉǈǈ N8
 B MPX GSFRVFODZ TZOUIFTJ[FS DBO CF DPNCJOFE XJUI B NVMUJQMJFS UP BDIJFWF
UIF NJOJNVN ǐǈǉǈǈ ()[ SFRVJSFE GPS IJHI ėFME %/1 FYQFSJNFOUT "T XFMM BT BĎPSEBCJMJUZ UIF
MPX GSFRVFODZ TJHOBM DBO CF FBTJMZ QIBTF MPDLFE BOE TP QVMTFE %/1 XJUI QIBTF DPOUSPM BT XFMM
BT BNQMJUVEF BOE GSFRVFODZ DPOUSPM JT QPTTJCMF 'PS IJHIFS QPXFST UIF GSFRVFODZ SFRVJSFE DBO CF
HFOFSBUFE EJSFDUMZ VTJOH B EJPEF PTDJMMBUPS 	TVDI BT B (VOO PS *.1"ĈEJPEF
 PS GPS FWFO IJHIFS
GSFRVFODJFT BOE QPXFST B HZSPUSPO 8F DIPTF UP VTF B (VOO EJPEF PTDJMMBUPS BT B DPNQSPNJTF
CFUXFFO QSJDF PVUQVU QPXFS BOE BWBJMBCMF MBCPSBUPSZ TQBDF
" TDIFNBUJD PG UIFNJDSPXBWF FMFDUSPOJD TFUVQ VTFE JT TIPXO JO 'JH  ĉF ǉǈǈN8(VOO EJPEF
	25. ǐǉǊǉ4" 2VJOTUBS
 XBT UVOBCMF GSPN ƬƤ − ƬƦ ()[ CZ BEKVTUJOH UIF JOUFSOBM EJNFOTJPOT
PG UIF DBWJUZ  'PS TPNF NFBTVSFNFOUT UIF PVUQVU PG UIF (VOO BNQMJėFE UP Ǌ 8 VTJOH B TPMJE
TUBUF BNQMJėFS 	2VJOTUBS
 GPS IJHI QPXFS NFBTVSFNFOUT ĉF %$ CJBT PG UIF (VOO EJPEF XBT
NPEVMBUFE VTJOH B QSPUFDUJPO DJSDVJU 	2$3ǉǈ..ǈǈ 2VJOTUBS
 XJUI B SBNQ GVODUJPO QSPWJEFE
CZ B GVODUJPO HFOFSBUPS 	"HJMFOU ǋǋǊǍǈ
 ĉF SBNQ GVODUJPO XBT DIPTFO BT JU QSPWJEFE B VOJGPSN
NPEVMBUJPO BDSPTT UIF FOUJSF CBOEXJEUI *O DPNQBSJTPO B TJOVTPJEBM GVODUJPO PWFSFNQIBTJ[FT
UIF VQQFS BOE MPXFS GSFRVFODZ DPNQPOFOUT PG UIF NPEVMBUFE XBWFGPSN 'JH "ǋǍ TIPXT USBDFT
PG UIF EPXO DPOWFSUFE TJHOBMT GPS 	B
 SBNQ BOE 	C
 TJOVTPJEBM NPEVMBUJPO
" GFSSJUF JTPMBUPS 	ǉǊǍǈǈǈ "FSPXBWF
XBT VTFE UP QSPUFDU UIF TPVSDF CZ QSFWFOUJOH IJHI QPXFS
SFĚFDUJPOT ĉF PVUQVU QPXFS PG UIF (VOO EJPEF XBT DPOUSPMMFE XJUI BO JOMJOF WBSJBCMF BĨFOVB
UPS 	.JMMJUFDI
 BOE Ĉ- ESJWFO XBWFHVJEF JTPMBUJPO TXJUDI 	)9*
 ĉF PVUQVU GSFRVFODZ PG UIF
(VOO %JPEF XBT TBNQMFE XJUI B EJSFDUJPOBM DPVQMFS 	ǉǌ E# ǉǊǋǈǈǈǉǌ "FSPXBWF
 BOE EPXO
DPOWFSUFE VTJOH B IBSNPOJD NJYFS 	)).ǉǊ$ǈǌǈǋǉ )9*
 UP B TJHOBM UIBU DPVME CF EJSFDUMZ EF
UFDUFE PO B TQFDUSVN BOBMZ[FS 	)1ǐǍǑǌ&
 " DZMJOESJDBM83ǉǊ83ǉǑ XBWFHVJEF USBOTJUJPO 	ǉǑ
ǉǈǉǊ "FSPXBWF
 USBOTGPSNFE UIF XBWFHVJEF GSPN83ǉǊ UP83ǉǑ
ǊǈǊ
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Demodulated Frequency (MHz) Demodulated Frequency (MHz)
(a) (b)
6B;m`2 XjX8, h`+2b Q7 i?2 /QrM +QMp2`i2/ bB;MHb 7Q` UV `KT M/ U#V bBMmbQB/H KQ/mH@
iBQM Q7 i?2 KB+`Qrp2 bQm`+2 i  `i2 Q7 k F>xX
"ǋǉǉ 8ĵŋĹĻŊĽĸĹň ĵłĸ "łŉĹłłĵň
ĉFNJDSPXBWFTXFSF USBOTNJĨFE GSPNSPPNUFNQFSBUVSFEPXOB SFDUBOHVMBS83ǉǑDPQQFSXBWFH
VJEF UIBU XBT HPME QMBUFE 	OPONBHOFUJD
 UP QSFWFOU PYJEBUJPO 0WFSNPEJOH UIF NJDSPXBWFT CZ
VTJOH UIF MBSHFS83ǉǑ XBWFHVJEF 	JOTUFBE PG UIF83ǉǊ
 SFEVDFE BĨFOVBUJPO BMPOH UIF SFMBUJWFMZ
MBSHF EJTUBODF CFUXFFO UIF UPQ PG UIF DSZPTUBU BOE DFOUFS PG UIF NBHOFU ĉF XBWFHVJEF XBT BU
UBDIFE UP UIF JOTFSU WJB B DJSDVMBS ĚBOHF BOE XBT UIFSNBMJ[FE BU NVMUJQMF TUBHFT PG UIF JOTFSU XJUI
$V XJSF " XBWFHVJEF CVMLIFBE GFFEUISPVHI 	"FSPXBWF
 BOE NJDB WBDVVN XJOEPX BMMPXFE UIF
TZTUFN UP CF WBDVVN UJHIU
ĉF TBNQMF XBT JSSBEJBUFE XJUI NJDSPXBWFT VTJOH B TMPU BOUFOOB DPOTJTUJOH PG GPVS IPSJ[POUBM
TMPUT JO UIF XBWFHVJEF 	'JH "ǋǎ 	B

ĉF TMPU BOUFOOB EFTJHO XBT DIPTFO PWFS B NJDSPXBWF IPSO
BT UIF OBSSPX *% PG UIF DSZPTUBU EJE OPU BMMPX GPS XBWFHVJEF ĚBOHFT PS GPS B Ǒǈ◦ XBWFHVJEF CFOE
BU UIF CBTF *U XBT BMTP DPNQBUJCMF XJUI UIF TBEEMF DPJM BT UIF TMPUT DPVME MJOF VQ XJUI BO PQFOJOH
JO UIF TJEF PG UIF DPJM BMMPXJOH GPS EJSFDU JSSBEJBUJPO " QMVOHFS BU UIF CPĨPN PG UIF XBWFHVJEF
DPVME CF BEKVTUFE UP NBYJNJ[F UIF JOUFOTJUZ PG NJDSPXBWF JSSBEJBUJPO DPNJOH PVU PG FBDI TMPU
4USPOH SFTPOBODF PDDVST BOE FMFDUSPNBHOFUJDXBWFT BSF SBEJBUFEXIFO UIF TMPU MFOHUI JT BQQSPY
JNBUFMZ IBMG UIF XBWFMFOHUI ĉF TMPU IFJHIU JT TNBMM 	Ǌǈǈ ӉN
XIFO DPNQBSFE UP UIF XBWFMFOHUI
ĉF TMPUT BSF TFQBSBUFE WFSUJDBMMZ CZ B TJOHMF XBWFMFOHUI BOE UIF QMVOHFS JT QPTJUJPOFE XJUI UIF
FOE QJFDF UXP XBWFMFOHUIT GSPN UIF CPĨPN TMPU "EKVTUJOH UIF QPTJUJPO PG UIF QMVOHFS NBUDIFT
UIF FOE QJFDF PG UIF XBWFHVJEF BOE TP DPOUSPMT UIF BNPVOU PG QPXFS SBEJBUFE PVU PG FBDI TMPU
"ǋǊ 0ńŉĽķĵŀ *ŇŇĵĸĽĵŉĽŃł
ĉF JOTFSU IBE DBQBCJMJUJFT GPS BO PQUJDBM ėCFS GFFEUISPVHI DPOTUSVDUFE CBTFE PO B EFTJHO EFWFM
PQFE CZ 4BJLBU(IPTI JO UIF3BMQI HSPVQ BU$PSOFMM 6OJWFSTJUZ " TNBMM IPMFXBT ESJMMFE JO B UFĚPO
QJFDF UIBU ėĨFE JOUP B 4XBHFMPL QJQF ėĨJOH BĨBDIFE UP B ,' ĚBOHF 	'JH "ǋǏ
 "T UIF TXBHFMPL
ėĨJOH XBT UJHIUFOFE JU DPNQSFTTFE UIF UFĚPO QJFDF BSPVOE UIF PQUJDBM ėCFS NBLJOH B WBDVVN
UJHIU TFBM ĉF PQUJDBM ėCFS XBT B ǉǍNN QPMZNFS MJHIU HVJEF 	/5ǈǊǍǍ &ENPOE 0QUJDT
 UIBU
Ǌǈǋ
2λ
   
λ
   =
   4.73 mm
λ/2
Plunger
6B;m`2 XjXe, UV SB+im`2 Q7 i?2 bHQi Mi2MM b?QrBM; i?2 7Qm` bHQib M/ /Dmbi#H2 THmM;2`X
h?2 bHQib `2 b2T`i2/ #v  bBM;H2 rp2H2M;i?- M/ i?2 THmM;2` Bb TQbBiBQM2/ rBi? i?2 2M/
TB2+2 irQ rp2H2M;i?b 7`QK i?2 #QiiQK bHQiX 1+? ?Q`BxQMiH bHQi Bb TT`QtBKi2Hv ?H7 
rp2H2M;i? HQM; M/ i?2 ?2B;?i Bb bKHH Ukyy ӉKV r?2M +QKT`2/ iQ i?2 rp2H2M;i?X
6B;m`2 XjXd, PTiB+H 6B#2` 622/i?`Qm;?
BMMPXFE B MBSHF BNPVOU PG QPXFS UP CF USBOTNJĨFE UP UIF TBNQMF
"ǌ 5ļĹ/.3 4ńĹķŉŇŃŁĹŉĹŇ
8F EFWFMPQFE B DPNQBDU /.3 TQFDUSPNFUFS VTJOH /BUJPOBM *OTUSVNFOUT 	/*
 	XXXOJDPN

19*NPEVMBS DPNQPOFOUT DBQBCMF PG CPUI HFOFSBUJOH QIBTFUVOBCMF SBEJPGSFRVFODZ 	3'
 TJHOBMT
XJUI BSCJUSBSZ RVBESBUVSF BNQMJUVEF NPEVMBUJPO 	2".
 BOE BDRVJSJOH EFNPEVMBUFE TUJNVMVT
SFTQPOTF EBUB BT OFFEFE ĉF TZTUFN BMMPXT NBOZ QVMTF TFRVFODFT BOE QBSBNFUFST UP CF TQFDJ
ėFE TJNQMZ BOEXJUI TVCNJDSPTFDPOE TZODISPOJ[BUJPO ĉF 19* BSDIJUFDUVSF DPVME CF DPNCJOFE
XJUI B (1*# JOTUSVNFOU DPOUSPM NPEVMF BMMPXJOH GPS DPOUSPM PG BMM UIF PUIFS JOTUSVNFOUT JO UIF
TFUVQ
ĉF IBSEXBSF JODMVEJOH 19* NPEVMFT BSF TIPXO JO 	'JH "ǌǉ

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ǉ 0QUJDBM 'JCFS #SJEHFĉF DPOUSPMMJOH DPNQVUFS B %FMM 0QUJ1MFY ǏǍǍ SVOOJOH8JOEPXT 91
JT DPOOFDUFE UP UIF 19* TZTUFN WJB B /* 19*1$*ǐǋǋǎ .9*ǌ PQUJDBM ėCFS CSJEHF ĉJT
DPOTJTUT PG B 19* NPEVMF BOE B TUBOEBSE 1$* JOUFSGBDF DBSE GPS UIF DPNQVUFS DPOOFDUFE CZ
BǉǈNėCFSPQUJD DBCMF 	VQ UPǊǈǈNBWBJMBCMF
QSPWJEJOH TJHOJėDBOUOPJTF JTPMBUJPO GSPNUIF
1$ĉF MJOL DBO USBOTNJU BU ǉǋǊ.CZUFTT QVMTFE PS Ǐǐ.CZUFTT DPOUJOVPVT USBOTNJTTJPO
Ǌ 19* 4ZTUFN ĉF 19* NPEVMFT BSF IPVTFE JO B /* 19*ǉǈǌǊ ǐTMPU DIBTTJT 	VQ UP ǉǐ TMPUT
BWBJMBCMF
 ĉF DIBTTJT EFTJHO BMMPXT NPEVMFT UP CF FYDIBOHFE SBQJEMZ FOIBODJOH UIF ĚFY
JCJMJUZ PG UIF TZTUFN
ǋ 5JNJOH BOE 5SJHHFSJOH " /* 19*ǎǍǋǌ %JHJUBM *0 	%*0
 NPEVMF QSPWJEFT UJNJOH BOE
USJHHFSJOH GPS UIF TZTUFN ĉJT NPEVMF DBO HFOFSBUF VQ UP ǋǊ JOEFQFOEFOU MJOFT PG CJOBSZ
EJHJUBM PVUQVU BU VQ UP Ǌǈ.)[ ĉFNPEVMF JT MPBEFEXJUI BO ǐ UP ǋǊCJUXBWFGPSN GSPN UIF
DPNQVUFS XIFSF FBDI CJU PG UIF XBWFGPSN DPSSFTQPOET UP B EJHJUBMĈ- MPHJD PVUQVU MJOFT
ĉFTF MJOFT BSF GFE BU Ǌ.)[ UISPVHI B/* 4$#ǎǐ CSFBLPVU CPY UP FBDI PG UIF DPNQPOFOUT
SFRVJSJOH BĈ- USJHHFS PS HBUF TJHOBM 	'JH "ǌǉ B

ǌ 1VMTF (FOFSBUJPO 5XP /* 19*ǍǌǉǊ "SCJUSBSZ 8BWFGPSN (FOFSBUPST 	"8(T
 NPEVMFT
SFDFJWF Ĉ- USJHHFST GSPN UIF 19*ǎǍǋǌ %*0 NPEVMF BOE VTF UIFTF UP JOJUJBUF UIF HFOFS
BUJPO PG ǉǌCJU SFTPMVUJPO BSCJUSBSZ XBWFGPSNT BU VQ UP ǉǈǈ .4T &OBCMJOH JOUFSQPMBUJPO
XIFSFCZ UIF NPEVMF JOUFSTQFSTFT EBUB QPJOUT CFUXFFO UIF TBNQMFT JO UIF XBWFGPSN EBUB
BMMPXT VQ UP ǌǈǈ .4T PVUQVU 8F UZQJDBMMZ VTF UIF "8(T BU ǉǎ .4T XJUI ǐY JOUFSQP
MBUJPO 0VS 19*ǍǌǉǊ "8( IBT ǐ .# PG POCPBSE NFNPSZ 	VQ UP ǊǍǎ .# BMMPXFE
 ĉF
"8(4BMTP IBWF B TFRVFODJOHNPEFXIFSFCZNVMUJQMFXBWFGPSNT DBOCF HFOFSBUFE TFSJBMMZ
BMMPXJOH GPS QVMTF QBĨFSOJOH XJUI QBSBNFUFST UIBU DIBOHF FBDI DZDMF
Ǎ 3' 4PVSDFĉF/.3 DBSSJFS GSFRVFODZ JT HFOFSBUFE CZ B /* 19*ǍǎǍǈ 3' TJHOBM HFOFSBUPS
	3'4(
NPEVMF ĉJTNPEVMF DBO HFOFSBUF 3' TJHOBMT GSPN Ǎǈǈ L)[ UP ǉǋ(I[XJUI ǉ QQC
GSFRVFODZ SFTPMVUJPO BU PVUQVU QPXFST VQ UP ǉǈ E#N
ǎ 2VBESBUVSF .JYJOH 0VUQVUT GSPN UXP PG UIF "8(T BOE UIF 3'4( BSF GFE JOUP B RVBESB
UVSF BNQMJUVEF NPEVMBUJPO 	2".
 DJSDVJU 	'JH "ǌǉ C
 <ǋ> ĉF SG TJHOBM JT ėSTU TQMJU BOE
QIBTF TIJěFE 	.JOJDJSDVJUT ;.4$$2ǊǍǈ
 JOUP UIF JOQIBTF 	*
 BOE RVBESBUVSF 	2
 DPN
QPOFOUT PG UIF DBSSJFS TJHOBM &BDI DPNQPOFOU JT UIFO TQMJU BHBJO 	.JOJDJSDVJUT ;'4$Ǌ
ǉ84
 CFGPSF CFJOH GFE UP UIF NPEVMBUJPO BOE EFNPEVMBUJPO DJSDVJUT BT MPDBM PTDJMMBUPS
	-0
 TJHOBMT ĉF -0T BSF UIFO NJYFE 	.JOJDJSDVJUT ;'.ǋ45
 XJUI UIF * BOE 2 JOUFS
NFEJBUF GSFRVFODZ 	*'
 TJHOBMT QSPWJEFE CZ UIF "8(T ĉFNPEVMBUFE * BOE 2 TJHOBMT BSF
UIFO SFDPNCJOFE 	.JOJDJSDVJUT ;'4$Ǌǉ84
 JOUP B QIBTFDPIFSFOU QVMTF ĉJT BMMPXT
VT UP EFėOF QIBTFT BOE TIBQFT GPS JOEJWJEVBM QVMTFT BT XF DIPPTF MFĨJOH VT PVUQVU XBWF
GPSNT UIBU DBO QFSGPSN NPSF DPNQMJDBUFE UBTLT UIBO B TJOHMFQIBTF PVUQVU DPVME BDIJFWF
<ǉ ǌ>
Ǐ 1VMTF "NQMJėDBUJPOĉF DPNCJOFE 3' TJHOBM JT QSFBNQMJėFE UP ǈ E#N CZ B .*5&2 "6
ǉǍǐǋ MPXOPJTF BNQMJėFS UIFO GFE JOUP B 50.$0 #5ǈǈǊǍǈ "MQIB4 ǊǍǈ8 3' QVMTF BN
QMJėFS ĉF %*0NPEVMF QSPWJEFT HBUJOH PG UIF QVMTF BNQMJėFS ĉF TJHOBM JT GFE UISPVHI B
Ǌǈǎ
EJSFDUJPOBM DPVQMFS XJUI ǋǈE# SFWFSTF JTPMBUJPO 	8FSMBUPOF $ǉǍǎǑǉǈ
 JO PSEFS UP QSFWFOU
QPXFS GSPN CFJOH SFĚFDUFE CBDL JOUP UIF PVUQVU PG UIF QVMTF BNQMJėFS
ǐ 5SBOTNJU3FDFJWF *TPMBUJPO4FSJFT BOEQBSBMMFM DPVQMFEDSPTTFEEJPEFT 	ǉ/Ǒǉǌ1IJMJQT 4FNJ
DPOEVDUPS *OD
 JO DPOKVODUJPO XJUI B Ӈ/ƨ USBOTNJTTJPO MJOF BSF VTFE UP JTPMBUF UIF /.3
DPJM GSPN UIF BNQMJėFST TJNJMBS UP UIF NFUIPE EFTDSJCFE JO <Ǎ ǎ> " HBUFE IJHI JTPMBUJPO
TXJUDI 	.JOJDJSDVJUT;"48"ǊǍǈ%3
QSPWJEFT GVSUIFS QSPUFDUJPO GPS UIF SFDFJWF DJSDVJUSZ
GSPN UIF USBOTNJĨFE QVMTF
Ǒ %FNPEVMBUJPO ĉF SFDFJWFE TJHOBM JT QSFBNQMJėFE CZ UXP BNQMJėFST XJUI ǌǌ E# PG HBJO
	.*5&2"6ǉǋǉǋ
 BOE ǋǍ E# PG HBJO 	.*5&2"6ǉǌǎǎ
 SFTQFDUJWFMZ ĉF TJHOBM JT UIFO
EFNPEVMBUFE WJB BO FRVJWBMFOU NJYJOH DJSDVJU UP UIBU EFTDSJCFE JO TFDUJPO ǎ 	'JH "ǌǉ C

ĉJT QSPEVDFT B QIBTFTFOTJUJWF EBUB BDRVJTJUJPO TJHOBM XIJDI BMTP HJWFT B
√
Ʀ FOIBODFNFOU
JO TJHOBMUPOPJTF SBUJP 	4/3
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ǉǈ %BUB"DRVJTJUJPOĉFEFNPEVMBUFE TJHOBM JT EJHJUBMMZ TBNQMFECZB/*19*ǍǉǊǊ)JHI4QFFE
"OBMPHUP%JHJUBM $POWFSUFS 	"%$
 ĉJT "%$ JT DBQBCMF PG TBNQMJOH BU ǉǈǈ .4T XJUI
ǉǌCJU SFTPMVUJPO BOE XF DPOėHVSFE JU UP CF USJHHFSFE CZ BO FYUFSOBM Ĉ- USJHHFS *U TUPSFT
EBUB JOUP POCPBSE NFNPSZ UIBU DBO CF MBUFS GFUDIFE CZ UIF 1$
"Ǎ 4ŃĺŉŌĵŇĹ *łŉĹŇĺĵķĹ
ĉF TPĜXBSF JOUFSGBDF XBT XSJĪFO CZ "MFY 0HJFS BOE .FOZPVOH -FF XJUI NPEJėDBUJPOT BOE JNQSPWF
NFOUT NBEF CZ UIF BVUIPS
ĉF TPěXBSF GSBNFXPSL GPS PVS TZTUFN JT CBTFE PO *HPS 1SP B TDJFOUJėD HSBQIJOH BOE EBUB BOBM
ZTJT QBDLBHF 	8BWFNFUSJDT *OD XXXXBWFNFUSJDTDPN
 *HPS 1SP DPOUBJOT B CVJMUJO TDSJQUJOH
MBOHVBHF XIJDI QSPWJEFT BEWBODFE NBUIFNBUJDBM GVODUJPOT BOE PQFSBUJPOT BOE TVQQPSUT UIF DSF
BUJPO PG DVTUPN VTFS JOUFSGBDFT /*TVQQMJFE ESJWFST XSJĨFO JO $ UPHFUIFS XJUI *HPS 1SPT &YUFSOBM
0QFSBUJPO 	901
 SPVUJOFT QSPWJEF UIF TPěXBSF JOUFSGBDF UP UIF 19* TZTUFN 4DSFFOTIPUT PG UIF
TPěXBSF JOUFSGBDF BSF TIPXO JO 'JH "Ǎǉ ĉF VTFS JT HJWFO QBSBNFUFSJ[FE DPOUSPM PWFS NBOZ BT
QFDUT PG UIF TZTUFN JODMVEJOH EFTJHO PG JOEJWJEVBM XBWFGPSNT BOE QVMTF TFRVFODF QBĨFSO HFOFSB
UJPOXJUI FWPMWJOH QBSBNFUFST " TFU PG QBSBNFUFST DBO CF TQFDJėFE 	'JH "Ǎǉ B J
 GPS FYQFSJNFOU
XJEF SFGFSFODF 4FRVFODFFEJUJOH VTFT B NBUSJY JO BO &WFOUT 1BOFM 	'JH "Ǎǉ B JJ
 XIFSF SPXT PG
UIF NBUSJY DPSSFTQPOE UP uDIBOOFMTu FBDI PG XIJDI SFQSFTFOU B EFWJDF BOE BO BDDPNQBOZJOHĈ-
MJOF GPS USJHHFSJOH ĉJT BMMPXT GPS IBSEXBSF NPEVMFT UP CF JOUFSDIBOHFE FBTJMZ 7FSUJDBM DPMVNOT
DPSSFTQPOE UP uFWFOUTu XIJDI BSF JOUFSWBMT PG UJNF UIBU DPOUBJO B XBWFGPSN PVUQVU BDRVJTJUJPO
PS PUIFS DPNNBOE UP CF PVUQVU PO POF PS NPSF PG UIFĈ- MJOFT
'PS FBDI UJNJOH FWFOU JOEJWJEVBM DIBOOFMT IBWF UIFJS PXO FWFOU UZQF 	'JH "Ǎǉ B JJJ
 ĉF
FWFOU UZQF TFMFDUFE CZ UIF VTFS EFėOFT UIF SFMFWBOU QBSBNFUFST UP DSFBUF XBWFT BU SVOUJNF TFMFDU B
QSFNBEF PS VTFSDSFBUFE XBWF GPS HFOFSBUJPO PS JOJUJBUF BO BDRVJTJUJPO "EEJUJPOBM UZQFT DBO CF
EFėOFE BT SFRVJSFE UP BMMPX SVOUJNF HFOFSBUJPO PG B QSFWJPVTMZ VOEFėOFEXBWFGPSN UZQF 5JNJOH
BOE QPTJUJPOJOH PG FBDI PVUQVU BSF DPOUSPMMFE UISPVHI EFMBZ EVSBUJPO BOE SFQFUJUJPO QBSBNFUFST
0UIFS QBSBNFUFST BSF EFėOFE CZ UIF FWFOUT UZQF BT OFFEFE ĉFTF JODMVEF BNQMJUVEF GSFRVFODZ
ǊǈǏ
QIBTF CBOEXJEUI BOE JO 2".FOBCMFE QVMTFT B 2$PFđDJFOU UP DPSSFDU GPS QPXFS JNCBMBODFT
JO UIF NJYJOH DJSDVJU
1BSBNFUFS WBMVFT DBO CF FOUFSFE BT TJNQMF OVNFSJD WBMVFT WBSJBCMF SFGFSFODFT PS SFGFSFODFT UP
VTFSTQFDJėFE QBSBNFUFST #VJMUJO *HPS NBUIFNBUJDBM FYQSFTTJPOT JODMVEJOH GVODUJPO DBMMT DBO CF
VTFEXJUI BMM PG UIFTFNFUIPET " TFSJFT PG HMPCBM QBSBNFUFST DBOCFEFėOFE JO UIF6TFS 1BSBNFUFST
QBOFM 	'JH "Ǎǉ C
 BOE TFU CZ UIF VTFS UP BMMPX NBDSP TDBMF DPOUSPM PG UIF TFRVFODF 4FRVFODFT
DBO CF EFėOFE UP BMMPX FBTZ BDDFTT UP NPSF BCTUSBDU WBMVFT TVDI BT UIF UPUBM TFRVFODF UJNF PS UIF
BNQMJUVEF PG BOZ OVNCFS PG USBOTNJĨFE XBWFGPSNT BMM GSPN POF HMPCBM QBSBNFUFS
3FGFSFODFT UP VTFSTQFDJėFE QBSBNFUFST DBTDBEF TVDI UIBU QBSBNFUFST DBO IBWF BO BSCJUSBSZ
OVNCFS PG EFQFOEFODJFT CFGPSF SFBDIJOH BO JOEFQFOEFOU VTFSFOUFSFE QBSBNFUFS %FQFOEFODJFT
DBO CF DPNCJOFE XJUI NBUIFNBUJDBM FYQSFTTJPOT CZ JODMVEJOH UIF DVTUPN GVODUJPO WBS	uOBNFu

XIJDI SFGFSFODFT QBSBNFUFST GSPN JOTJEF FYQSFTTJPOT 	'JH "Ǎǉ C QBSBNFUFS Uǉǐǈ
 ĉJT GVOD
UJPO DBO BMTP UBLF UXP TQFDJBM JOQVUT uMPPQu BOE uSVOu ĉFTF QSPWJEF BDDFTT UP UIF SVOUJNF MPPQ
BOE SVO JOEJDFT TP UIBU POF DBO NBLF QBSBNFUFST EFQFOEFOU PO UIFJS DPOUFYU XJUIJO B TFRVFODF
1BSBNFUFST BSF SFBOBMZ[FE FBDI UJNF BO FWFOU PDDVST TVDI BT JO B SFQFBUFE TFRVFODF SVO PS XJUIJO
B MPPQFE TFSJFT PG FWFOUT 5P EFėOF EJĎFSFOU QBSBNFUFS WBMVFT GPS FBDI JUFSBUJPO TFNJDPMPOT BSF
USFBUFE BT EFMJNJUFST CZ TFRVFODF SVO BOE DPNNBT BT EFMJNJUFST CZ MPPQ JUFSBUJPO 'PS FYBNQMF
JO B TFRVFODF UIBU JT SFQFBUFE UXJDF JO BO FWFOU UIBU JT MPPQFE Ǎ UJNFT UIF FOUSZ
y- R- k- j- 9c y-UTBfkV- UTBV- Uj TBfkV- Uk TBV
XJMM JODSFNFOU CZ ǉ UIF ėSTU Ǎ UJNFT UISPVHI UIF MPPQFE FWFOU BOE UIFO JODSFNFOU CZ Ӎ/Ʀ FBDI
MPPQ EVSJOH UIF TFDPOE TFRVFODF SVOUISPVHI "EEJUJPOBMMZ VTFSDSFBUFE XBWFGPSNT DBO CF TQFD
JėFE TVDI UIBU UIFJS WBMVFT DPSSFTQPOE UP QBSBNFUFS WBMVFT GPS FBDI TFRVFODF SVO PS MPPQFE FWFOU
'PS FYBNQMF B XBWFGPSN DBO CF NBEF CZ UIF TUBOEBSE *HPS XBWFGPSN BTTJHONFOU TUBUFNFOUT
JF2fL48y 2tTQM2MiBHc 2tTQM2MiBH 4 2U@tfRyV 
ĉJT TUBUFNFOU JT SFMBUJWFMZ TJNQMF BOE DPVME CF FBTJMZ FOUFSFE BT BO FYQSFTTJPO EJSFDUMZ JOUP UIF
QBSBNFUFS CPY EJSFDUMZ BT BO FYQSFTTJPO
2U@p`U]HQQT]VfRyV
"Ǎǉ &ŎńĹŇĽŁĹłŉ %ĹŋĹŀŃńŁĹłŉ $ŏķŀĹ ĵłĸ0ńĹŇĵŉĽŃł
*O JUT TJNQMFTU NPEF PG PQFSBUJPO XBWFGPSNHFOFSBUJPO FWFOUT BDRVJTJUJPO FWFOUT BOE USJHHFST
BSF FBDI BEEFE UP BO JOJUJBMMZ CMBOL TFRVFODF NBUSJY BOE QBSBNFUFST TVDI BT BNQMJUVEFT BOE EV
SBUJPOT BSF TQFDJėFE BT OVNFSJD WBMVFT -PPQ SFQFUJUJPOT BOE TXFFQT BSF NBOVBMMZ FOUFSFE JO UIF
BQQSPQSJBUF QMBDFT XJUIJO UIF TFRVFODF QBOFM 4VDI OVNFSJDBMMZ EFėOFE TFRVFODFT BSF TVđDJFOU
GPS TJNQMF FYQFSJNFOUT CVU BT FYQFSJNFOUT CFDPNFNPSF DPNQMFY JUNBLFT TFOTF UP FYUSBDU TPNF
QBSBNFUFST UP UIF TFRVFODFXJEF 6TFS 1BSBNFUFST 	'JH "Ǎǉ C
 BOE TFRVFODF DBO CF TBWFE BT B
UFNQMBUF *NQPSUBOU QBSBNFUFST DBO CF TFU VQ TP BT UP BMMPX B QBSUJDVMBS UZQF PG QVMTF TFRVFODF
UP CF SFVTFE FBTJMZ ĉVT UIF TPěXBSF DBO CF RVJDLMZ SFDPOėHVSFE GPS B EJĎFSFOU TBNQMF VOEFS
TUVEZ ĉJT QSPDFTT BMMPXT GPS UIF SBQJE SFVTF PG DPNNPO UBTLT XIJMF NBJOUBJOJOH DPOUSPM PG BMM
MPXFSMFWFM GVODUJPOBMJUZ
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4FRVFODF DPNQJMBUJPO BOE HFOFSBUJPO JT B NVMUJTUFQ QSPDFTT 0O UIF ėSTU JUFSBUJPO UIF DPNQJMFS
SVOT UISPVHI UIF FOUJSF TFRVFODF SFTPMWJOH MPPQFE FWFOUT PS NVMUJFWFOU MPPQFE TFDUJPOT JOUP B
MJOFBS DIBJOPG FWFOUT BOEEFėOJOH B TUBSU UJNF GPS FBDIOFXFWFOU ĉFDPNQJMFS UIFO TUFQT UISPVHI
UIFTF FWFOUT BOE GPS FBDI DIBOOFM UIBU IBT BO PVUQVU EFėOFE DSFBUFT BOZ OFDFTTBSZ SVOUJNFXBWFT
0ODF XBWFT BSF DSFBUFE UIF DPNQJMFS MPPQT UISPVHI BHBJO MPBEJOH XBWFGPSNT POUP UIF "8(
DBSET WJB UIF /* ESJWFST BOE BEEJOH USJHHFST UP UIFĈ- XBWFGPSN "ěFS UIJT TUFQ UIF TFRVFODF JT
OP MPOHFS DPOUSPMMFE CZ UIF DPNQVUFS BOE JOTUFBE JT UJNFE BOE FYFDVUFE FOUJSFMZ POCPBSE UIF 19*
DIBTTJT ĉF DPNQVUFS JOJUJBUFT UIF HFOFSBUJPO UIFO XBJUT GPS JU UP DPNQMFUF *U UIFO SFUSJFWFT BOZ
BDRVJSFE EBUB GSPN UIF 19* TZTUFN BOE VTFT CBDLXBSET SFGFSFODFT UP UIF JOJUJBM TFRVFODF MBZPVU
UP EFUFSNJOF FYBDUMZ XIJDI QBSBNFUFST XFOU JOUP FBDI BDRVJSFEXBWFGPSN TP UIBU JU DBO CF OBNFE
BWFSBHFE BOEPS QSPDFTTFE FBTJMZ BOE BOZ BDDPNQBOZJOH QBSBNFUFS EBUB UIBU UIF VTFS SFRVFTUT JT
TUPSFE BMPOH XJUI JU ĉJT QSPDFTT JT BXBSF PG EVQMJDBUF XBWFT BOE DIFDLT FBDI UJNF UP TFF JG BOZ
JEFOUJDBMMZ QBSBNFUFSJ[FE XBWFT IBWF CFFO DSFBUFE BOE JG TP JU XJMM VTF UIPTF XBWFT SBUIFS UIBO
SFNBLF UIFN ĉJT BMMPXT GPS TIPSUFS DPNQJMF UJNFT BOE BMTPNFBOT UIBU SFQFBUFE XBWFT POMZ UBLF
VQ POF TFDUJPO PG NFNPSZ XIFO MPBEFE POUP BO "8(
Ǌǉǈ
B
0QFSBUJPO PG UIF TJMJDPO QPMBSJ[FS  B HVJEF GPS UIF
OPOQIZTJDJĞ
ĉJT BQQFOEJY BDUT BT BO PQFSBUJOH NBOVBM GPS UIF QPMBSJ[FS JOTUBMMFE ėSTU BU ).3* BOE MBUFS BU
65.%"$$
#ǉ $ŇŏŃňŉĵŉ ńŇĹńĵŇĵŉĽŃł
J ĉF PVUFS WBDVVN DIBNCFS 	07$
 PG UIF DSZPTUBU XJMM OFFE UP CF QVNQFE PVU BQQSPY
JNBUFMZ FWFSZ XFFL $POOFDU UIF QVNQJOH MJOF UP UIF UPQ PG UIF UVSCP QVNQ BOE UP UIF
DSZPTUBU 07$ WBMWF
JJ 5VSO PO UIF SPVHIJOH QVNQ BOE UIF UVSCP QVNQ BOE QVNQ UIF MJOF GPS∼ ǋǈ NJO
JJJ 0QFO UIF WBMWF UP UIF 07$ BOE QVNQ GPS  ǌ IPVST
JW $MPTF UIF WBMWF CFGPSF UVSOJOH PĎ UIF QVNQT 8BJU VOUJM UIF QVNQT IBWF TUPQQFE TQJOOJOH
CFGPSF EJTDPOOFDUJOH UIF QVNQJOH MJOF
#Ǌ 5ŇĵłňĺĹŇ ŉŊĶĹ ńŇĹńĵŇĵŉĽŃł
J $IFDL UIBU UIF USBOTGFS UVCF JTOU CMPDLFE $POOFDU B HBT MJOF UP UIF UJQ PG UIF USBOTGFS UVCF
	'JH #Ǌǉ B
 'MPX ESZ HBT 	OJUSPHFOBSHPO
 UISPVHI UIF USBOTGFS UVCF XJUI UIF OFFEMF
WBMWF PQFO BOE GFFM GPS ĚPX BU UIF FOE QJFDF 	'JH #Ǌǉ C

JJ *G UIFSF JT OP ĚPX EFUFDUFE IFBU HVO UIF FOE QJFDF XIFSF UIF OFFEMF WBMWF JT MPDBUFE BOE
QVTI OJUSPHFO UISPVHI GPS ǉǈ NJOVUFT *G TUJMM CMPDLFE JU JT QSPCBCMZ B QBSUJDVMBUF SBUIFS
Ǌǉǉ
UIBO JDF CMPDLJOH UIF UVCF ĉJT DBO CF SFNPWFE CZ QVTIJOH B UIJO QJFDF PG XJSF 	TVDI BT B
HVJUBS TUSJOH
 UISPVHI UIF UJQ PG UIF USBOTGFS UVCF
6B;m`2 "XkXR, h`Mb72` im#2 T`2T`iBQMX *?2+F 7Q` Mv #HQ+F;2b #v ~QrBM; /`v MBi`Q;2M
;b i?`Qm;? i?2 i`Mb72` im#2 rBi? i?2 M22/H2 pHp2 QT2MX
#ǋ 4ĵŁńŀĹ ńŇĹńĵŇĵŉĽŃł
J 4BNQMFT BSF QBDLFE JO UIJO XBMM 5FĚPO UVCFT 	8JMNBE -BC(MBTT ǎǈǈǍ
 ĉF 5FĚPO QMVHT
QSPWJEFE XJUI UIFTF UVCFT NBLF HPPE FOE DBQT ĉF BDUJWF BSFB PG UIF XBWFHVJEF JT ǊDN
TP EPOU NBLF UIF TBNQMF NVDI MPOHFS UIBO UIJT -FBWF B∼ǋNN TFDUJPO FNQUZ TP UIBU UIF
TBNQMF UVCF DBO CF QVTIFE POUP UIF FOE PG UIF TBNQMF TUJDL
JJ -PBE UIF TBNQMF BOE TBNQMF TUJDL JO WJB UIF UPQ QPSU BOE UJHIUFO UIF PSJOH
#ǌ $ŃŃŀĽłĻ ĸŃŌł ŉŃ ǌ,
*U XBT GPVOE UIBU ǊǍǈ - EFXBST DPVME CF PSEFSFE JO UXP EJĎFSFOU IFJHIUT GSPN1SBYBJS ĉF TNBMMFS
EFXBST XFSF CFĨFS TVJUFE GPS VTF XJUI UIF USBOTGFS UVCF BOE SFTVMUFE JO MFTT XBTUBHF
J .BLF TVSF UIFSF JT BU MFBTU ǉǌu PG IFMJVN JO UIF EFXBS 	UIJT XJMM MBTU GPS Ǌǌ IPVST

ǊǉǊ
6B;m`2 "X9XR, JF2 bm`2 i?2 Mmi QM i?2 i`Mb72` im#2 Bb /2[mi2Hv iB;?i2M2/X  HQQb2 Mmi
+M z2+i i?2 #b2 i2KT2`im`2 #v R @ k EX
6B;m`2 "X9Xk, PT2`iBQM Q7 i?2 TmKT bT22/B@pHp2X
JJ .BLF B TFBM PO UIF USBOTGFS UVCF XJUI UIF UPQ QJFDF PG UIF CSBTT RVJDLDPOOFDU DPVQMFSǮ
JJJ 4IVU UIF PWFSQSFTTVSF WBMWF PG UIF EFXBS
JW *OTFSU UIF MPOH FOE PG UIF USBOTGFS UVCF JOUP UIF EFXBS UJHIUFOJOH UIF $ISJTUNBT USFF JOUP
QMBDF TP UIBU OP HBT FTDBQFT
W 5BLF UIF DBQ PĎ UIF USBOTGFS UVCF BOE JOTFSU JU JOUP UIF OFDL PG UIF DSZPTUBU 5JHIUFO UIF OVU
WJ 5VSO PO UIF QVNQ BOE PQFO UIF TQFFEJWBMWF
WJJ 4UBSU UIF IFMJVN ĚPX CZ UVSOJOH UIF OFFEMF WBMWF UP UIF Ǒ PDMPDL QPTJUJPO
#Ǎ 0ńĹŇĵŉĽŃł Ńĺ ŁĽķŇŃŌĵŋĹ ķŃŁńŃłĹłŉň
J )PPL VQ UIF EJSFDUJPOBM DPVQMFS QJFDF UP UIF XBWFHVJEF QPSU BOE UP UIF GSPOU PG UIF BNQMJ
ėFS ĉFSF JT B TNBMM DVU PĎ IFY XSFODI UIBU XPSLT XJUI UIF XBWFHVJEF TDSFXT %P OPU PWFS
ǮUIJT JT TPNFUJNFT DBMMFE B $ISJTUNBT USFF
Ǌǉǋ
6B;m`2 "X8XR, *QM};m`iBQM Q7 F2v KB+`Qrp2 +QKTQM2MibX
UJHIUFO UIFTF TDSFXT BT JU XJMM DBVTF VOFWFO QSFTTVSF PO UIF XBWFHVJEF ĚBOHF BOE SFTVMU JO
SFĚFDUJPOT
JJ 5VSO UIF(VOOEJPEF 	ǉǍ7
 BOE UIF DPPMJOH GBOT 	ǉǊ7
 PO WJB UIF"HJMFOU QPXFS TVQQMZ
%P OPU BEKVTU UIFTF WBMVFT PS UIF NJDSPXBWF TPVSDF NBZ CMPX VQ 5VSO UIF BNQMJėFS PO CZ
QMVHHJOH JO UIF USBOTGPSNFS 5VSO PO UIFNPEVMBUPS 	"HJMFOU ǋǋǊǍǈ TJHOBM HFOFSBUPS  SBNQ
PVUQVU GSFRVFODZ  ǉǈ L)[ BNQMJUVEF  ǋǋ 7

JJJ -PPL GPS UIF TJHOBM PO UIF TQFDUSVN BOBMZ[FS ĉF TJHOBM TIPVME CF CFUXFFO ǐǋǈ.)[
Ǒǈǈ.)[ XJUI B QFBL WBMVF PG ǎǈǎǋE# ĉFSF JT B UFNQFSBUVSF NPOJUPS PO UIF BNQMJėFS
.BLF TVSF JU TUBZT CFMPX ǋǍ EFHSFFT $ *G JU PWFSIFBUT JU NBZ CVSO PVU
#ǎ 1ŃŀĵŇĽŐĽłĻ
#ǎǉ $ļĹķĿĽłĻ ńŃŀĵŇĽŐĵŉĽŃł
ĉF QPMBSJ[FS IBT B TBEEMF DPJM GPS /.3 EFUFDUJPO BU MPX UFNQFSBUVSFT ĉF SFTPOBOU GSFRVFODZ
GPS Ʀƭ4J BU UIF QPMBSJ[FS ėFME 	#  ǊǐǑ 5
 JT Ǌǌǌǈǌ .)[ $POOFDU UIF #/$ UP UIF 9 DIBOOFM PG
UIF QSFBNQ 6TVBMMZ UIF QPMBSJ[BUJPO JT DIFDLFE ǋǈ NJOVUFT BěFS UIF ėSTU DPPM EPXO FJUIFS XJUI
OP TBUVSBUJPOT 	[H QSPHSBN
 PS XJUI B TBUVSBUJPO SFDPWFSZ TFRVFODF XJUI ǉǈNJO EFMBZ ĉF 4/3
JO 98*/ WJB UIF 4*/0 GVODUJPO JT VTVBMMZ ǋǈǈ GPS OP TBUVSBUJPOT PS ǎǈ XJUI TBUVSBUJPOT ĉF
QSPHSBN JT TFU VQ JO UIF ONSTV BDDPVOU JO 98*//.3
Ǌǉǌ
6B;m`2 "X8Xk, h?2`2 `2 i?`22 TQr2` bmTTHB2b iQ im`M QMX UV h?2 ;BH2Mi .* TQr2` bmTTHv
+QMi`QHHBM; i?2 :mMM /BQ/2 M/ +QQHBM; 7Mb- U#V i?2 +QTBM ?B;? TQr2` bmTTHv +QMi`QHHBM;
i?2 KTHB}2`b Uk3 - 3 oV M/ U+V i?2 >S 7mM+iBQM ;2M2`iQ` 7Q` +QMi`QHHBM; i?2 KQ/mHiBQM
Q7 i?2 :mMM /BQ/2X
6B;m`2 "X8Xj, A7 2p2`vi?BM; Bb rQ`FBM;- vQm b?QmH/ #2 #H2 iQ b22 i?2 /2KQ/mHi2/ KB@
+`Qrp2b QM i?2 >S bT2+i`mK MHvx2` UyX3@yXN :>xVX
ǊǉǍ
#ǎǊ 1ŃŀĵŇĽŐĵŉĽŃł
ĉFPQFSBUJOH UFNQFSBUVSF JT∼ǋ  ǌ,ĉJT DPSSFTQPOET UP ǉǑǈǊǊǈPINTPO UIF SFTJTUBODFNFUFS
ĉF QPMBSJ[FS TIPVME TUBZ DPME XJUI UIF OFFEMF WBMWF BU UIF Ǒ PDMPDL QPTJUJPO *G UIFSF JT UPP NVDI
ĚPX 	UIF TQFFEJWBMWF GSPTUT VQ
 TMPXMZ DMPTF UIF OFFEMF WBMWF 	∼ǉǈ EFHSFFT FWFSZ ǋǈ NJOT
 *G UIF
SFTJTUBODF ESPQT 	UFNQFSBUVSF JODSFBTFT
 PQFO UIF OFFEMF WBMWF NPSF "MUFSOBUJWFMZ JODSFBTF UIF
QSFTTVSF JO UIF IFMJVN TUPSBHF EFXBS 	ǎ  Ǒ QTJ JT HPPE
 VTJOH UIF FMFDUSJDBM QSFTTVSF CVJMEFS *G UIJT
EPFTOU ėY UIF QSPCMFN UIFO UIF IFMJVN TVQQMZ JT MPX BOE UIF FYQFSJNFOU TIPVME CF XSBQQFE VQ
"4"1
#Ǐ 3ĹŁŃŋĽłĻ ňĵŁńŀĹ ĺŃŇ ŁĹĵňŊŇĹŁĹłŉ
J 4UPQ QVNQJOH CZ TIVĨJOH UIF TQFFEJWBMWF 	EPOU UVSO PĎ UIF QVNQ VOUJM UIF TQFFEJWBMWF JT
TIVU

JJ 0QFO UIF OFFEMF WBMWF 	BOUJDMPDLXJTF
 UP JODSFBTF UIF ĚPX
JJJ 8BJU VOUJM UIF DSZPTUBU PWFSQSFTTVSFT 	ZPVXJMM IFBS B IJTTJOH TPVOE GSPNPOF PG UIF WBMWFT

BOE UIFO VOTDSFX UIF TBNQMF TUJDL BOE QVMM PVU
JW 8IFO DMJNCJOH EPXO UIF MBEEFSNBLF TVSF UIBU UIF TBNQMF SFNBJOT PSJFOUBUFE UPXBSET UIF
CPSF PG UIF NBHOFU XJUI UIF TBNQMF TUJDL HPJOH ėSTU
#ǐ 8ĵŇŁĽłĻ Ŋń
J 1VU UIF DBQ CBDL PO UIF TBNQMF TUJDL QPSU BT TPPO BT QPTTJCMF BOE DMPTF UIF OFFEMF WBMWF
JJ 5VSO PĎ UIF BNQMJėFS NJDSPXBWF TPVSDF QPXFS TVQQMZ BOE UIF NPEVMBUPS
JJJ 6OIPPL UIF NJDSPXBWF TFUVQ GSPN UIF DSZPTUBU
JW 3FNPWF UIF USBOTGFS UVCF GSPN UIF DSZPTUBU OFDL %FQSFTTVSJ[F UIF EFXBS BOE SFNPWF UIF
USBOTGFS UVCF
#Ǒ 5ŇŃŊĶŀĹňļŃŃŉĽłĻ ĵłĸ.ĵĽłŉĹłĵłķĹ
J $SZPTUBU EPFTOU TUBSU UP DPPM EPXOĉF USBOTGFS UVCF JT QSPCBCMZ CMPDLFE XJUI JDF 1VMM JU
PVU BOE XBSN JU VQ XJUI B IBJS ESZFSIFBU HVO PO MPX TFĨJOH 'MPX ESZ OJUSPHFO UISPVHI
UP ESZ PVU UIF OFFEMF WBMWF
JJ /P TJHOBM BěFS QPMBSJ[BUJPO DIFDL  $IFDL QPXFS PVUQVU BOE GSFRVFODZ PO UIF TQFDUSVN
BOBMZ[FS $IFDL XPCC PG /.3 EFUFDUJPO DPJM :PV XJMM IBWF UP XBSN VQ UP BEKVTU UIJT
ĉF XBWFHVJEF NBZ IBWF JDF JO JU 8BSN VQ BOE DMFBO JU PVU XJUI FUIBOPM 3FNPWF UIF
QMVOHFS BOE UIF NJDB XJOEPX :PV XJMM IBWF UP SFDBMJCSBUF UIF QMVOHFS BěFSXBSET ĉJT JT
DPNQMJDBUFE TP BWPJE EPJOH UIJT
Ǌǉǎ
C
%FUFČJPO PG QBSUJDMF CJOEJOH CZ SPUBUJPONPUJPO
ĉF BCJMJUZ UP EFUFDU UIF QSFTFODF BOE MPDBUJPO PG TQFDJėD NPMFDVMBS DPNQPVOET JOWJWP JT BO PVU
TUBOEJOH QSPCMFN JO UIF CJPMPHJDBM TDJFODFT *O UIJT "QQFOEJY XF FYBNJOF B TDIFNF GPS EFUFDUJOH
UIF TVDDFTTGVM PG CJOEJOHPG CJPMPHJDBM DPNQPVOET UP UIF TVSGBDFPG GVODUJPOBMJ[FE TJMJDPOOBOPQBS
UJDMFT #JOEJOH JT EFUFDUFE UISPVHI B DIBOHF JO UIF MJOF XJEUI PG UIF Ʀƭ4J /.3 TJHOBM UIBU PDDVST
EVF UP B TMPXJOH PG UIF SPUBUJPOBM NPUJPO PG UIF OBOPQBSUJDMF UIBU PDDVST XJUI BO JODSFBTF JO QBSUJ
DMF SBEJVT 8FNPEFM UIF SPUBUJPOBM DPSSFMBUJPO UJNFT PG TJMJDPO OBOPQBSUJDMFT PG B SBOHF PG TJ[FT JO
B WBSJFUZ PG ĚVJET BOE EJTDVTT UIF QPTTJCJMJUZ PG UIJT TDIFNF TVDDFTTGVMMZ EFUFDUJOH CJOEJOH UP UIF
DFMM XBMM PG DBODFS DFMMT BOE TNBMM QSPUFJOT JO TPMVUJPO
%FUFDUJPO PG CJPMPHJDBM CJOEJOH VTJOH UIF #SPXOJBONPUJPO PG NBHOFUJD OBOPQBSUJDMFT IBT QSF
WJPVTMZ CFFO QFSGPSNFE VTJOH B EJSFDU NFBTVSFNFOU PG UIF BD NBHOFUJD TVTDFQUJCJMJUZ <Ǌǋǉ> ĉF
CJOEJOH PG BWJEJODPBUFE 'FƦ0Ƨ OBOPQBSUJDMFT UP CJPUJOZMBUFE 4QSPUFJO TVTQFOEFE JO QIPTQIBUF
CVĎFSFE TBMJOF 	1#4
 XBT EFUFDUFE CZ JOEVDUJWFMZ NPOJUPSJOH UIF DIBOHF JO GSFRVFODZ BOE QIBTF
PG BO "$ ėFME BQQMJFE XJUI B OFBSCZ DPJM <Ǌǋǉ> .PSF TFOTJUJWF NFBTVSFNFOUT PG OBOPQBSUJDMFT
CJOEJOH UP B TVSGBDF IBWF CFFO QFSGPSNFE VTJOH B IJHIUFNQFSBUVSF ED TVQFSDPOEVDUJOH JOUFSGFS
FODF EFWJDF 	426*%
 *O UIF QSFTFODF PG BO BMJHOJOH ėFME UIF OBOPQBSUJDMFT EFWFMPQ B OFUNBHOF
UJ[BUJPO XIJDI SFMBYFT BT UIF ėFME JT UVSOFE PĎ 6OCPVOE OBOPQBSUJDMFT SFMBY SBQJEMZ CZ #SPXOJBO
NPUJPO XIJMTU CPVOE OBOPQBSUJDMFT VOEFSHP B TMPX /FFM NBHOFUJD SFMBYBUJPO XIJDI JT EFUFDUJCMF
CZ UIF 426*% <ǊǋǊ> "MUIPVHI TVDDFTTGVM BT B QSPPG PG DPODFQU JOWJWP EFUFDUJPO VTJOH BOJNBM
NPEFMT IBT QSPWFE EJđDVMU EVF UP UIF IJHI DPODFOUSBUJPO PG OBOPQBSUJDMFT OFFEFE GPS BDDVSBUF
NFBTVSFNFOU ĉJT UFDIOJRVF BMTP QSPWJEFT OP TQBDJBM EFUFSNJOBUJPO PG UIF OBOPQBSUJDMFT MPDB
UJPO JOWJWP BOE TP UIFSFGPSF JT OPU CFOFėDJBM GPS EFUFDUJPO PG UVNPST
ǊǉǏ
$ǉ 1ļŏňĽķĵŀ ńŇĽłķĽńŀĹň
$ǉǉ #ŇŃŌłĽĵł ŁŃŉĽŃł Ńĺ ńĵŇŉĽķŀĹň Ľł ňŃŀŊŉĽŃł
4NBMM QBSUJDMFT BOENPMFDVMFT JO TPMVUJPO VOEFSHP DPOTUBOU EJĎVTJPO BT B SFTVMU PG UIFSNBM ĚVDUVB
UJPOT ĉJT EJĎVTJPO JT EFQFOEFOU PO UIF TJ[F PG UIF QBSUJDMF PSNPMFDVMF BTXFMM BT UIF UFNQFSBUVSF
BOE UZQF ĚVJE JU JT EJĎVTJOH JO ĉF IZESPEZOBNJD SBEJVT PS 4UPLFT SBEJVT JT B NFBTVSF PG UIF SB
EJVT PG B TPMJE TQIFSF UIBU CFIBWFT FRVJWBMFOUMZ UP UIF QBSUJDMF PS NPMFDVMF BOE JT DBMDVMBUFE GSPN
UIF QBSUJDMFT EJĎVTJPO DPOTUBOU% JO B ĚVJE PG WJTDPTJUZ Ӂ BT
3) =
L#5
ƪӍӁ%
	$ǉ

XIFSF L#JT UIF #PMU[NBOO DPOTUBOU BOE 5 JT UIF UFNQFSBUVSF JO ,FMWJO
'PS B OPOTQIFSJDBM NPMFDVMF TVDI BT B QSPUFJO UIF IZESPEZOBNJD SBEJVT PG UIF NPMFDVMF JT
NVDI MFTT UIBO UIF BDUVBM EJNFOTJPOT PG UIF NPMFDVMF )PXFWFS GPS B OBOPQBSUJDMF DPOTJTUJOH
PG B TPMJE DPSF BOE TVSGBDF GVODUJPOBMJ[FE XJUI TNBMM NPMFDVMFT XJMM IBWF BQQSPYJNBUFMZ UIF TBNF
IZESPEZOBNJD SBEJVT JUT BDUVBM SBEJVT
$ǉǊ .ŃŉĽŃłĵŀ /ĵŇŇŃŌĽłĻ Ľł /ŊķŀĹĵŇ.ĵĻłĹŉĽķ 3ĹňŃłĵłķĹ
ĉF SFMBYBUJPO PG TQJOǉǊ OVDMFJ TVDI BT Ʀƭ4J JO B SJHJE MBĨJDF JT EPNJOBUFE CZ EJQPMFEJQPMF JOUFS
BDUJPOT CFUXFFO UIF OVDMFJ BOE PUIFS OFBSCZ NBHOFUJD ėFMET *O MJRVJET BOE HBTFT IPXFWFS SBQJE
NPUJPOT BNPOHTU TQJOT DBVTF B TJHOJėDBOU OBSSPXJOH PG UIF 'PVSJFSUSBOTGPSNFE MJOFXJEUI BT UIF
MPDBM ėFME TFFO CZ B HJWFO TQJO XJMM ĚVDUVBUF SBQJEMZ JO UJNF *G UIF ĚVDUVBUJPOT PDDVS BU B SBUF
NVDI GBTUFS UIBO UIF OVDMFBS -BSNPS GSFRVFODZ UIFO UIF OVDMFJ XJMM TFF POMZ UIF BWFSBHFE ėFME
PWFS UIJT QFSJPE XIJDI JT NVDI TNBMMFS UIBO UIF JOTUBOUBOFPVT WBMVF PG UIF MPDBM ėFME "TTVNJOH
UIF QBSUJDMFT VOEFSHP #SPXOJBO NPUJPO UIF SBUF PG ĚVDUVBUJPOT JO UIF ėFME DBO CF EFTDSJCFE CZ
UIF 4UPLFT&JOTUFJO FRVBUJPO XJUI B SPUBUJPOBM DPSSFMBUJPO UJNF ӑD
ӑD =
ƨӍӁSƧ
ƧL#5
	$Ǌ

XIFSF Ӂ JT UIF WJTDPTJUZ PG UIF NFEJVNS JT UIF SBEJVT PG UIF QBSUJDMF L#JT UIF #PMU[NBOO DPOTUBOU
BOE 5 UIF UFNQFSBUVSF JO ,FMWJOǮ ĉJT JT B XFMM VOEFSTUPPE QIFOPNFOPO BOE IBT CFFO XJEFMZ
VTFE JO QSPUFJO DIBSBDUFSJ[BUJPO BT UIF MPOHFS DPIFSFODF UJNFT CSPVHIU BCPVU CZ UVNCMJOH PĎFS
FOIBODFE TJHOBM SFTPMVUJPO
" DPMMPJE PG XFMM EJTQFSTFE OBOPQBSUJDMFT XJMM BMTP VOEFSHP UIF TBNF NPUJPOBM OBSSPXJOH QIF
OPNFOPO XIFSFCZ UIF EFHSFF PG OBSSPXJOH JT EFUFSNJOFE CZ UIF TJ[F BOE TIBQF PG UIF OBOPQBS
UJDMF BT XFMM BT UIF UFNQFSBUVSF BOE WJTDPTJUZ PG UIF TPMVUJPO ĉF EFHSFF PG OBSSPXJOH XJMM OPU
CF BT HSFBU BT GPS JOEJWJEVBM NPMFDVMFT BT JO FBDI OBOPQBSUJDMF UIFSF XJMM CF NBOZ TQJOT OFBSCZ UP
POF BOE PUIFS UIBU XJMM SPUBUF UPHFUIFS BT UIF QBSUJDMF UVNCMFT JO TPMVUJPO ĉF VTF PG DPMMPJEBM TVT
QFOTJPOT JO TQFDJėD DBTFT IBT CFFO VTFE BT BO BMUFSOBUJWF UP /.3 PG TPMJET JO DBTFT XIFSF NBHJD
ǮĉJT FRVBUJPO BTTVNFT UIBU UIF QBSUJDMFT BSF TQIFSJDBM
Ǌǉǐ
.BUFSJBM 7JTDPTJUZ 	1BT

.FUIBOPM Ǎǌǌ Y ƥƤ−ƨ
8BUFS ǉ Y ƥƤ−Ƨ
(MZDFSPM ǉǍ
#MPPE 1MBTNB ǐ Y ƥƤ−Ƨ
$FMM $VMUVSJOH.BUFSJBM ǉǊ Y ƥƤ−Ƨ
)F-B $FMM $ZUPQMBTN ǉǌ Y ƥƤ−Ƨ
h#H2 *XkXR, "Q/v i2KT2`im`2 pBb+QbBiB2b Q7 KQ/2H2/ ~mB/bX
BOHMF TQJOOJOH JT OPU BWBJMBCMF " UIJSUZ GPME SFEVDUJPO JO UIF XJEUI PG UIF Ƨƥ1 MJOF IBT CFFO TFFO
XIFO DPNQBSJOH ǊǍ ON DBMDJVN IZESPYZBQBUJUF QBSUJDMFT JO B DPMMPJEBM TVTQFOTJPO DPNQBSFE UP
UIF TPMJE GPSN <Ǌǋǋ>
$Ǌ .ŃĸĹŀĽłĻ
/VNFSJDBM NPEFMJOH XBT VOEFSUBLFO UP EFUFSNJOF DIBOHFT JO UIF SPUBUJPOBM DPSSFMBUJPO UJNFT PG
OBOPQBSUJDMFT VOEFS B OVNCFS PG EJĎFSFOU CJOEJOH TDFOBSJPT JODMVEJOH CJOEJOH PG OBOPQBSUJDMFT
UP B DFMM XBMM BOE CJOEJOH UP TQFDJėD QSPUFJOT JOTJEF UIF DFMM JO B SBOHF PG EJĎFSFOU ĚVJET 	5BCMF
$Ǌǉ

'JHVSF$Ǌǉ TIPXTDBMDVMBUFE SPUBUJPOBM DPSSFMBUJPO UJNFT WFSTVTIZESPEZOBNJD SBEJVT GPSOBOPQBS
UJDMFT JOĚVJETEFTDSJCFE JO5BCMF$Ǌǉ "MM TJNVMBUJPOT BSF DBSSJFEPVU BUCPEZ UFNQFSBUVSF 	ǋǏ◦$

ĉF TIBEFE BSFB JT UIF SBOHFPG SPUBUJPOBM DPSSFMBUJPO UJNFT DMPTF UP UIF-BSNPS GSFRVFODZ BWBJMBCMF
GPS Ʀƭ4J JO DMJOJDBM .3* TDBOOFST " EFUFDUBCMF DIBOHF JO UIF /.3 MJOF XJEUI TIPVME CF PCTFSW
BCMF GPS TJUVBUJPOT XIFSF UIF IZESPEZOBNJD SBEJVT DIBOHFT CFUXFFO UIF TIBEFE BOE VOTIBEFE
SFHJPOT 'SPN UIJT XF DBO TFF UIBU UIF VQQFS TJ[F MJNJU XIFSF NPUJPOBM OBSSPXJOH XJMM CF TFFO JT
BQQSPYJNBUFMZ Ǌǈǈ ON
$Ǌǉ #ĽłĸĽłĻ Ńĺ 'ŊłķŉĽŃłĵŀĽŐĹĸ /ĵłŃńĵŇŉĽķŀĹň ŉŃ $Ĺŀŀň
/BOPQBSUJDMFT DBO CF TVSGBDF GVODUJPOBMJ[FE XJUI B WBSJFUZ PG MJHBOET UIBU TIPX QSFGFSFOUJBM CJOE
JOH UP DBODFS DFMMT JOWJWP<ǊǋǍ> "T UIF OBOPQBSUJDMF JT JOKFDUFE UISPVHI UIF WBTDVMBS TZTUFN JUT
TJ[F JT MJNJUFE UP∼ ƦƩƤ ON BOE TP UIFSFGPSF JT TJHOJėDBOUMZ TNBMMFS UIBO UIF DFMM UIBU JU BĨBDIFT UP
	∼ Ʃ− Ƭ ӉN

$Ǌǉǉ 'ŃŀĽķ ĵķĽĸ
/BOPQBSUJDMFT TVSGBDF GVODUJPOBMJ[FE XJUI GPMJD BDJE IBWF CFFO TIPXO UP IBWF QSFGFSFOUJBM CJOEJOH
UP QSPTUBUF DBODFS DFMMT <ǊǋǍ> EVF UP UIF JODSFBTF JO BDUJWJUZ PG GPMJD BDJE EFUFDUPST PO UIF TVSGBDFT
PG UIFTF DFMMT ĉF BĨBDINFOU PG GPMJD BDJE UP BNJOBUFE OBOPQBSUJDMFT JT VOEFSUBLFO CZ UIF SFBDUJPO
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``B2/ Qmi i
#Q/v i2KT2`im`2 Ujd◦*VX h?2 b?/2/ `2 Bb i?2 `M;2 Q7 `QiiBQMH +Q``2HiBQM iBK2b +HQb2
iQ i?2 G`KQ` 7`2[m2M+v pBH#H2 7Q` BM +HBMB+H J_A b+MM2`bX
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6B;m`2 *XkXk, "BM/BM; Q7  ky MK bBHB+QM MMQT`iB+H2 7mM+iBQMHBx2/ rBi? 7QHB+ +B/ UiQiH
bBx2 ∼ Ʃƨ MKV iQ i?2 +2HH rHH Q7  +M+2` +2HH Q7 bBx2 ∼ ƬӉK BM #HQQ/ THbK- i?2 `QiiBQMH
+Q``2HiBQM iBK2 rBHH +?M;2 7`QK ƥƤ−ƨ b U#H+FV iQ Ryy b U`2/V
XJUI BO BDUJWBUFE FTUFS EFSJWBUJWF PG GPMJD BDJE <Ǌǋǌ> BOE SFTVMUT JO BO JODSFBTF PG ǋǌ ON JO UIF IZ
ESPEZOBNJD SBEJVT PG UIF QBSUJDMF ĉVT UIJT TFUT B MPXFS MJNJU PO UIF JOJUJBM IZESPEZOBNJD SBEJVT
PG UIF QBSUJDMF CFGPSF CJOEJOH PDDVST *G XF DPOTJEFS B Ǌǈ ON TJMJDPO OBOPQBSUJDMF GVODUJPOBMJ[FE
XJUI GPMJD BDJE 	UPUBM TJ[F∼ Ʃƨ ON
 CJOEJOH UP B DFMM PG TJ[F∼ ƬӉN JO CMPPE QMBTNB UIF SPUBUJPOBM
DPSSFMBUJPO UJNF XJMM DIBOHF GSPN ƥƤ−ƨT UP ǉǈǈ T BOE B TJHOJėDBOU DIBOHF JO UIF /.3 MJOF XJEUI
TIPVME CF PCTFSWBCMF 	'JH $ǊǊ

$ǊǊ %ĹŉĹķŉĽŃł Ńĺ 1ŇŃŉĹĽłň
/BOPQBSUJDMFT DBO CF GVODUJPOBMJ[FE XJUI%/" UIBU JT VOJRVF UP B QSPUFJO UBSHFU PG JOUFSFTU <Ǌǋǎ>
6MUSBTFOTJUJWF EFUFDUJPO PG QSPUFJO UBSHFUT VTJOH NBHOFUJD TFQBSBUJPO PG GVODUJPOBMJ[FE NBHOFUJD
OBOPQBSUJDMFT IBT CFFO BDIJFWFE JO B MBCPSBUPSZ FOWJSPONFOU <ǊǋǏ> IPXFWFS UIJT UFDIOJRVF JT
DPNQMFY BOE EPFT OPU BMMPX GPS EFUFDUJPO JOWJWP ĉF BĨBDINFOU PGNPOPDMPOBM BOUJCPEJFT TVDI
BT JNNVOPHMPCVMJO JODSFBTFT UIF IZESPEZOBNJD SBEJVT PG UIF OBOPQBSUJDMF CZ BQQSPYJNBUFMZ Ǎ
ON <Ǌǋǐ> BOE UIF CJOEJOH PG BOPUIFS QSPUFJO UP UIFNPOPDMPOBM BOUJCPEZ JODSFBTFT UIF IZESPEZ
OBNJD SBEJVT CZ BO BEEJUJPOBM ǉǍ ON *G XF DPOTJEFS B ǉǈ ON TJMJDPO OBOPQBSUJDMF GVODUJPOBMJ[FE
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6B;m`2 *XkXj, "BM/BM; Q7 Ry MK bBHB+QM MMQT`iB+H2 7mM+iBQMHBx2/ rBi? BKKmMQ;HQ#mHBM
UiQiH bBx2 ∼ ƥƩ MKV iQ T`Qi2BMb BM i?2 +2HH +viQTHbK- i?2 `QiiBQMH +Q``2HiBQM iBK2 rBHH
+?M;2 7`QK RtƥƤ−ƩT U#H+FV iQ ktƥƤ−ƩTU`2/V
XJUI BOUJCPEJFT HJWJOH B DIBOHF JO SPUBUJPOBM DPSSFMBUJPO UJNF PG ƥF−Ʃ T
$ǋ $ŃłķŀŊňĽŃł
8F IBWF CSJFĚZ FYBNJOFE UIF EFUFDUJPO PG CJOEJOH PG GVODUJPOBMJ[FE TJMJDPO OBOPQBSUJDMFT UP UBS
HFUT TVDI BT DFMMT BOE QSPUFJOT JOWJWP VTJOH NBHOFUJD SFTPOBODF 'PS TNBMM OBOPQBSUJDMFT PG MFTT
UIBO Ǌǈǈ ON JO TJ[F UIFSF TIPVME CF B TJHOJėDBOU PCTFSWBCMF DIBOHF JO UIF /.3 MJOF XJEUI XIFO
UIF OBOPQBSUJDMF CJOET UP UIF XBMM PG B DFMM XJUI EJNFOTJPOT PG CFUXFFO Ǎǉǈ ӉN
ĉF TBNF QSJODJQMFT EFTDSJCFE IFSF NBZ CF VTFE UP EFUFDU UIF MPDBUJPO BOE UJNJOH PG UIF EFMJW
FSZ PG B QBZMPBE GSPN OBOPNBUFSJBMT TVDI BT QPSPVT TJMJDPO UIBU BSF DVSSFOUMZ CFJOH JOWFTUJHBUFE B
ESVH EFMJWFSZ EFWJDFT <ǊǋǑ> " DIBOHF JO UIF NBHOFUJD TVTDFQUJCJMJUZ PG UIF NBUFSJBM UIBU JT DPO
UBJOFE JO UIF QPSFT PG QPSPVT TJMJDPO OBOPQBSUJDMFT TVDI BT UIFSBQFVUJD BHFOU UP DZUPQMBTN ĚVJE
NBZ BMTP MFBE UP B EFUFDUBCMF DIBOHF JO UIF/.3 MJOFXJEUI "EEJUJPOBMMZ OBOPQBSUJDMFT GVODUJPO
BMJ[FE XJUI UFNQFSBUVSFSFTQPOTJWF /JTPQSPQZMBDSZMBNJEFCBTFE GVODUJPOBM DPQPMZNFST <Ǌǌǈ>
DPVME BDU BT B MPDBM UFNQFSBUVSF TFOTPS BOE MFBE UP GVSUIFS VOEFSTUBOEJOH PG UIF DFMMVMBS QSPDFTTFT
DIBOHJOH JO TJUVBUJPOT PG IZQPUIFSNJB JOWJWP ĉJT DPQPMZNFS HSPVQ IBT B DSJUJDBM USBOTJUJPO UFN
ǊǊǊ
QFSBUVSF PG BQQSPYJNBUFMZ ǋǊ $ XIFSFCZ UIF TUSVDUVSF DIBOHFT GSPN B DPJM TIBQF UP HMPCVMF ĉF
IZESPEZOBNJD SBEJVT PG ǊǍON OBOPQBSUJDMFT IBT CFFO EFNPOTUSBUFE UP DIBOHF CZ B GBDUPS PG Ǎǈƻ
	GSPN ǎǈON BU ǊǍ ◦$ UP ǋǈON BU ǋǑ ◦$
 BSPVOE UIJT DSJUJDBM UFNQFSBUVSF QPJOU
ǊǊǋ
D
1SFQBSBUJPO BOE$IBSBČFSJ[BUJPO PG 4JMJDPO
1BSUJDMFT
%ǉ #ĵŀŀ ŁĽŀŀĽłĻ ňĽŀĽķŃł ńĵŇŉĽķŀĹň ĺŇŃŁ ňĽŀĽķŃłŌĵĺĹŇ
" WBSJFUZ PG TJMJDPO XBGFST PG EJĎFSFOU EPQJOH EFOTJUZ XFSF JOWFTUJHBUFE GPS VTF BT MPOH5ƥ JNBHJOH
BHFOUT ĉF QBSUJDMFT XJUI UIF CFTU TJ[FBEKVTUFE 5ƥ UJNFT XFSF NBEF GSPN OPNJOBMMZ VOEPQFE
ĚPBU[POF HSPXO 4J XBGFST 	4JMJDPO 2VFTU *OUFSOBUJPOBM 〈ƥƥƥ〉 PSJFOUFE
 XJUI SFTJEVBM QEPQBOUT
BOE OPNJOBM SFTJTUJWJUZ ǋǈǉǈǈ LϕDN EFQFOEJOH PO CBUDI
#BMMNJMMFE QBSUJDMF XFSF QSPDFTTFE BT GPMMPXT 8IPMF XBGFST XFSF TIBĨFSFE VTJOH BNPSUBS BOE
QFTUMF #BUDIFT PG ǐǍ H XBGFS TIBSET XFSF ESZ HSPVOE GPS ǉǈNJOVUFT BU ǌǈǈ SQN JO B QMBOFUBSZ CBMM
NJMM 	3FUTDI1.ǉǈǈ
VTJOH UFO ǉ DNEJBNFUFS [JSDPOJB CBMMT ĉF SFTVMUJOH QPXEFSXBTNJYFEXJUI
Ǌǈ NM PG FUIBOPM BOE NJMMFE VOEFS TJNJMBS DPOEJUJPOT GPS BOPUIFS ǋǐ I 'PS B ėOBM NJMMJOH BMTP
BU ǌǈǈ SQN ėěZ ǋ NN EJBNFUFS [JSDPOJB CBMMT XFSF VTFE ĉF TMVSSZ XBT NJMMFE GPS UJNFT SBOHJOH
GSPN ǉ I UP Ǌǎ I UP HJWF B TJ[F EJTUSJCVUJPO CFUXFFO ǉǈ ON BOE ǉǈ ӉN EFQFOEJOH PO UIF NJMMJOH
UJNF
%Ǌ 4ĽŐĹ ňĹńĵŇĵŉĽŃł Ńĺ ňĽŀĽķŃł ńĵŇŉĽķŀĹň Ķŏ ķĹłŉŇĽĺŊĻĵŀ ňĹĸĽŁĹłŉĵŉĽŃł
ĉFCBMMNJMMFE TJMJDPOOBOPQBSUJDMFT JO FUIBOPMXFSF TFQBSBUFECZ TJ[F VTJOH B DFOUSJGVHBM TFEJNFO
UBUJPO QSPDFTT $FOUSJGVHF QBSBNFUFST XFSF DBMDVMBUFE VTJOH UIF 4UPLFT FRVBUJPO<ǉǊǑ> BDDPSEJOH
UP
!WB =
Ʀ
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Ӊ
EƦ!B 	%ǉ

ǊǊǌ
XIFSF!WB JT UIF WFMPDJUZ PG UIF QBSUJDMFT TFĨMJOH BMPOH BO BDDFMFSBUJPO WFDUPS!B XIJDI DBO CF EVF
UP HSBWJUZ PS DFOUSJGVHBUJPO ĉF EFOTJUZ PG UIF QBSUJDMFT JT ӏQ UIF EFOTJUZ PG UIF ĚVJE JT ӏG Ӊ JT UIF
WJTDPTJUZ PG UIF ĚVJE BOE E JT UIF EJBNFUFS PG UIF QBSUJDMFT
*O B MBCPSBUPSZ DFOUSJGVHF UIF WFMPDJUZ BOE BDDFMFSBUJPO WFDUPST BSF TVCTUBOUJBMMZ BMPOH B SBEJBM
MJOF 3 BOE DFOUSJQFUBM GPSDF JT SFTQPOTJCMF GPS UIF QSJNBSZ DPNQPOFOU PG BDDFMFSBUJPO PG QBSUJDMFT
TVTQFOEFE JO UIF ĚVJE
&R %ǋ DBO CF SFXSJĨFO BT B ėSTU PSEFS EJĎFSFOUJBM FRVBUJPO
E3
EU
= $ƤӗƦ3 	%Ǌ

XIFSF
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Ӊ
EƦ 	%ǋ

4PMWJOH UIJT XF DBO FYUSBDU B DVUPĎ EJBNFUFS
EDP =
√
MO(
3G
3Ƥ
)
ƭӉ
Ʀ(ӏQ − ӏG)ӗƦU
	%ǌ

XIFSF 3Ƥ SFQSFTFOUT BO JOJUJBM QPTJUJPO PG B QBSUJDMF JO UIF ĚVJE 3G SFQSFTFOUT B ėOBM QPTJUJPO PG
B QBSUJDMF JO UIF ĚVJE BOE U SFQSFTFOUT UIF EVSBUJPO PG DFOUSJGVHBUJPO BU BOHVMBS WFMPDJUZ ӗ
$FOUSJGVHF DPOEJUJPOT DBO UIFSFGPSF CF TFU TVDI UIBU QBSUJDMFT UIBU SFNBJO JO UIF TVQFSOBUBOU
BSF BMM TNBMMFS UIBO EDP ĉPTF UIBU DPMMFDU BU UIF CPĨPN PG UIF UVCF DPNNPOMZ SFGFSSFE UP BT
UIF QFMMFU BSF B SBOHF PG TJ[FT )PXFWFS SFQFBUFE TPOJDBUJPO BOE DFOUSJGVHBUJPO XJUI UIF TBNF
QBSBNFUFS TFU XJMM FWFOUVBMMZ SFTVMU JO B DMFBS TVQFSOBUBOU "U UIJT QPJOU BMM QBSUJDMFT JO UIF QFMMFU
BSF MBSHFS UIBO EDP
'SPN SFQFBUFE TPOJDBUJPO BOE DFOUSJGVHBM TFQBSBUJPO XJUI BO VQQFS BOE MPXFS DVUPĎ B OVNCFS
PG EJTDSFUF QBSUJDMF TJ[F HSPVQT DPVME CF PCUBJOFE GSPN B CBMM NJMMFE TBNQMF XJUI B XJEF SBOHF PG
JOJUJBM TJ[FT 	'JH %Ǌǉ
 ĉF BDUVBM EJBNFUFS PG UIF QBSUJDMFTNFBTVSFE CZ 4&. JNBHF BOBMZTJT XBT
HFOFSBMMZ UXJDF BT CJH BT UIPTF DBMDVMBUFE CZ &R %ǌ
(FOFSBMMZ TXJOHJOH SPUPST XFSF VTFE JO UIF DFOUSJGVHF BT UIFZ SFTVMUFE JO UIF QFMMFU CFJOH DPM
MFDUFE JO UIF CPĨPN PG UIF DFOUSJGVHF UVCF
%ǋ 4ŊŇĺĵķĹ ĺŊłķŉĽŃłĵŀĽŐĵŉĽŃł Ńĺ ňĽŀĽķŃł ńĵŇŉĽķŀĹň
'VODUJPOBMJ[BUJPO PG UIF TJMJDPO TVSGBDF JT FTTFOUJBM GPS CJPDPNQBUJCJMJUZ BOE BMTP UBSHFUJOH 'JH
VSF %ǋǉ TIPXT B TDIFNBUJD PG UIF UXP TUFQ GVODUJPOBMJ[BUJPO QSPDFTT VTFE GPS UIF JOWJWP FYQFS
JNFOUT " TJMBOF MJOLFS 		ǋ"NJOPQSPQZM
USJFUIPYZTJMBOF
 XBT ėSTU BĨBDIFE UIBU EJSFDUMZ CPOET
UP UIF TJMJDPO PYJEF TVSGBDF ĉF FOE PG UIJT MJOLFS DIBJO XBT DIPTFO UP IBWF BO BNJOF GVODUJPOBM
HSPVQ UIBU JT VTFE GPS MBUFS CJPDPOKVHBUJPO TUFQT IPXFWFS UIF DIBJO DPVME CF DIPTFO UP IBWF B
WBSJFUZ PG PUIFS DIFNJDBM HSPVQT UIBU DBO CF VTFE UP NPEJGZ UIF TVSGBDF FMFDUSPDIFNJTUSZ PS JG
EJĎFSFOU TFDPOE GVODUJPOBMJ[BUJPO TUFQ XBT SFRVJSFE ĉF BNJOF HSPVQ JT SFBDUJWF XJUI UIF FTUFS
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6B;m`2 .XjXR, a+?2KiB+ Q7 MMQT`iB+H2 7mM+iBQMHBxiBQMX UV h?2 bBHB+QM QtB/2 bm`7+2
Bb }`bi 7mM+iBQMHBx2/ rBi? Sh1aX h?2 KBM2 ;`QmT i i?2 2M/ Q7 i?2 Sh1a KQH2+mH2 Bb
?B;?Hv `2+iBp2X U#V UL>a@/S1:9@UK@S1:RkVj@2bi2` Bb mb2/ b i?2 b2+QM/ 7mM+iBQMHBxiBQM
;`QmTX
HSPVQT JO UIF 	/)4E1&(ǌ	N1&(ǉǊ
ǋFTUFS NPMFDVMF BOE B TFDPOE GVODUJPOBMJ[BUJPO TUFQ JT
BDIJFWFE ĉF 1&( DIBJO OFVUSBMJ[FT UIF TVSGBDF DIBSHF PG UIF QBSUJDMFT BOE QSFWFOUT UIFN GSPN
BHHMPNFSBUJOH JO CJPMPHJDBM NFEJB
%ǋǉ "ŁĽłĵŉĽŃł ŊňĽłĻ 	ǋ"ŁĽłŃńŇŃńŏŀ
ŉŇĽĹŉļŃŎŏňĽŀĵłĹ
"NJOBUJPO XBT QFSGPSNFE VTJOH 	ǋ"NJOPQSPQZM
USJFUIPYZTJMBOF 	"15&4 4JHNB ǑǑƻ
 "Q
QSPYJNBUFMZ ǉǈǈNH PG TJMJDPO OBOPQBSUJDMFT XFSF BEEFE UP ǌǍN-PG BDJEJėFE Ǐǈƻ FUIBOPM 	ǈǈǌƻ
WW BEKVTUFE UP Q) ǋǍ XJUI )$M
 BOE UIF TPMVUJPO XBT QMBDFE JO BO VMUSBTPOJD CBUI GPS ėWF NJO
VUFT "15&4 	ǈǉǍ.
XBT UIFO BEEFE BOE UIF TPMVUJPOXBT TIBLFO GPS Ǌǌ IPVST PO B QMBUF TIBLFS
&YDFTT TJMBOFT XFSF SFNPWFE GSPN UIF OBOPQBSUJDMF TPMVUJPO CZ XBTIJOH BOE SFTVTQFOEJOH UISFF
UJNFT JO FUIBOPM CVĎFS XJUI UIF ėOBM SFTVTQFOTJPO QFSGPSNFE XJUI ǉǈ N- PG FUIBOPM CVĎFS
ǊǊǏ
%ǋǊ 'ŀŊŃŇĹňķĵŁĽłĹ ĵňňĵŏ
4VDDFTTGVM BNJOBUJPO XBT BTTFTTFE VTJOH ĚVPSFTDFODF TQFDUSPTDPQZ ĉF DPODFOUSBUJPOT PG BMM PG
UIF QBSUJDMFT XFSF FRVBMJ[FE CZ BEKVTUJOH UIFJS BCTPSQUJPO BU ǌǊǈ ON VTJOH B TQFDUSPQIPUPNFUFS
	4QFDUSB.BY 1MVT .PMFDVMBS %FWJDFT
 ĉF ĚVPSFTDBNJOF SFBHFOU XBT QSFQBSFE CZ EJTTPMWJOH
ǋǍ NH PG ĚVPSFTDBNJOF 	4JHNB
 JO ǉ N- PG EJNFUIZM TVMGPYJEF 	%.40
 8JUIJO B ǑǎXFMM TUBO
EBSE PQBRVF USBZ ǉǈ Ӊ- PG UIF ĚVPSFTDBNJOF TPMVUJPO XFSF BEEFE TJNVMUBOFPVTMZ UP FBDI XFMM
DPOUBJOJOH ǌǈ Ӊ- PG OBOPQBSUJDMFT BOE NJYFE UIPSPVHIMZ GPS POF NJOVUF 'MVPSFTDFODF XBT NFB
TVSFE VTJOH BO FYDJUBUJPO BU ǋǑǈ ON BOE FNJTTJPO BU ǌǎǍ ON 	4QFDUSB.BY(FNJOJ 914.PMFDVMBS
%FWJDFT

%ǋǋ 1ĹĻŏŀĵŉĽŃł
ǉHPG1&(	/)4E1&(ǌ	N1&(ǉǊ
ǋFTUFS 	2VBOUB#JPEFTJHO

XBTNJYFE JOǍǈǈ Ӊ-PG FUIBOPM
CVĎFS BOE IFBUFE CSJFĚZ BU ƩƤ ◦$ UP EJTTPMWF "QQSPYJNBUFMZ ǉ H PG BNJOBUFE QBSUJDMFT XFSF BEEFE
UP UIJT TPMVUJPO BOE JU XBT QMBDFE JO B IFBUFE VMUSBTPOJD CBUI GPS Ǌǌ I 5P SFNPWF UIF VOSFBDUFE
1&( TBNQMFTXFSF DFOUSJGVHFEBOE SFTVTQFOEFE UXJDF JO BDJEJėFEFUIBOPM BOEėOBMMZ JO BQIPTQIBUF
CVĎFSFE TBMJOF TPMVUJPO 	1#4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" OPSNBM TBMJOFQSJNFE UXPGPPU MFOHUI PG 1&Ǎǈ UVCJOH XBT JOTFSUFE JOUP UIF TUPNBDI UISPVHI
B MFě VQQFS RVBESBOU BCEPNJOBM JODJTJPO BěFS PWFSOJHIU GBTUJOH 	BU MFBTU ǐ IPVST
 ĉF DBUIFUFS
UJQ XBT HJWFO B WFSZ TMJHIU CFWFM 	∼ǉǈ ◦GSPN WFSUJDBM
 TP UIBU UIF DBUIFUFS DPVME QJFSDF UIF TUPN
BDI XBMM VOEFS ėOHFS QSFTTVSF CVU OPU MBDFSBUF UIF TUPNBDI GSPN UIF JOTJEF 4UPNBDI QVODUVSF
PDDVSSFE NJEXBZ BMPOH UIF HSFBUFS DVSWBUVSF UISPVHI B QVSTF TUSJOH TVUVSF GPSNFE CZ ǎǈ TJML
MJHBUVSF 1FSJUPOFVN BOE TLJO XFSF UIFO DMPTFE BSPVOE UIF DBUIFUFS XJUI ǌǈ TJML
&Ǌ *łŉŇĵńĹŇĽŉŃłĹĵŀ ķĵŉļĹŉĹŇ
" TBMJOFQSJNFE UXPGPPU MFOHUI PG 1&Ǎǈ UVCJOH XBT JOTFSUFE JOUP BO ǉǐ HBVHF OFFEMF TP UIBU UIF
OFFEMF DPVME BDU BT UIF DVĨJOH UJQ GPS UIF DBUIFUFS ĉF DBUIFUFSOFFEMF DPNCJOBUJPO XBT UIFO
JOTFSUFE UISPVHI B UFOUFE QBUDI PG TVQSBQVCJD BCEPNJOBM TLJO ĉF OFFEMF XBT XJUIESBXO PWFS
UIF DBUIFUFS BOE UIF DBUIFUFS XBT TFDVSFE UP UIF TLJO XJUI ǌǈ TJML TVUVSF
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.VMUJQMF BĨFNQUT XFSF NBEF UISPVHI WBSJPVT SPVUFT UP HBJO JOUSBWFOPVT BDDFTT ĉF TJMJDPO TVT
QFOTJPO ĚPXFE CFTU VOEFS DPOUJOVPVT TFDUJPOT PG MBSHF CPSF UVCJOH BOE BQQFBSFE UP FYIJCJU TIFBS
UIJDLFOJOH XIFO FYQPTFE UP UIF QSFTTVSF GSPN UIF TZSJOHF ĉF TNBMM TDBMF PG NPVTF BOBUPNZ
IPXFWFS EJE OPU MFOE JUTFMG XFMM UP UIF QMBDFNFOU PG MBSHF CPSF DBUIFUFST OPS UIF JOGVTJPO PG MBSHF
WPMVNFT 	 ǉ DD
 ĉF UZQJDBM NPVTF UBJM WFJO DBUIFUFS 	#SBJOUSFF 4DJFOUJėD.57ǉ
 GPS JOTUBODF
IBE B KPJOU CFUXFFO UXPEJĎFSFOU UVCJOH TJ[FT 	ǊǍ UP ǋǊ HBVHF JOOFS EJBNFUFS
 BOEPěFOCMPDLFE BU
ǊǊǑ
UIF KPJOU CFUXFFO UIF UXP UVCJOH TJ[FT ĉF MBSHFTU DBUIFUFS UIBU DPVME CF SFMJBCMZ ėU JOUP UIFNPVTF
UBJM WFJO XBT 1&Ǌǈ 	∼ ǊǊ HBVHF *%
 ĉF 1&Ǌǈ DBUIFUFS PDDBTJPOBMMZ DPMMBQTFE UIF PQFOJOH UP
UIF WFJO BOE JOTJOVBUFE JUTFMG CFUXFFO UIF WFJO BOE JUT WBTDVMBS TIFBUI "EEJUJPOBMMZ UIF DBUIFUFS
XBT RVJUF TUJĎ EVF UP JUT UIJDL XBMM BOE TPNFUJNFT MBDFSBUFE UIF WFJO JG B CFWFM XBT JOUSPEVDFE UP
GBDJMJUBUF DBOOVMBUJPO ĉFSF XBT SPPN GPS PQUJNJ[BUJPO PG UIF DBUIFUFS TZTUFN
&ǌ 5ŊŁŃŇ ķĵŉļĹŉĹŇ
ĉF JO TJUV QSPTUBUF UVNPS PG 5Ć.1NJDFXBT DBUIFUFSJ[FE JO BXBZ TJNJMBS UP UIF JOUSBQFSJUPOFBM
NFUIPE 5ZQJDBM UVNPST XFSF MBSHF FOPVHI 	DB Ǌ DN
 UP QBMQBUF BOE JNNPCJMJ[F XJUIPVU BCEPN
JOBM JODJTJPO 1&Ǎǈ UVCJOH XBT JOTFSUFE XJUI UIF BJE PG BO ǉǐ HBVHF OFFEMF BOE UIF OFFEMF XBT
SFNPWFE PWFS UIF DBUIFUFS ǌǈ TJML TVUVSF TFDVSFE UIF DBUIFUFS UP UIF TLJO
Ǌǋǈ
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 PSJHJOBMMZ EFWFMPQFE CZ-FTMJF -BNQPSU BOE CBTFE PO %POBME
,OVUIT 5&9ĉF CPEZ UFYU JT TFU JO ǉǉ QPJOU
"SOP 1SP EFTJHOFE CZ 3PCFSU 4MJNCBDI JO
UIF TUZMF PG CPPL UZQFT GSPN UIF "MEJOF 1SFTT
JO 7FOJDF BOE JTTVFE CZ "EPCF JO ǊǈǈǏ ĉF
UFNQMBUF GPS UIJT UIFTJT XBT NPEJėFE GSPN
POF QSPWJEFE CZ +PSEBO 4VDIPX SFMFBTFE
VOEFS UIF QFSNJTTJWF ŁĽŉ 	Ŏǉǉ
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